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ABSTRACT 
 
We have determined the crystal structure of Th(BH4)4 and confirmed that it is 
isomorphous with the tetragonal form of its uranium analogue.  Of the four BH4
- groups 
per formula unit, two are terminal and are bound to thorium in a tridentate κ3 fashion, and 
the other two BH4
- groups bridge between neighboring Th centers in a bis(bidentate) κ2,κ2 
fashion.  In this arrangement each Th center is bound to six BH4
- groups which form a 
total of 14 Th-H bonds (2 × 3 + 4 × 2).  If one ignores the hydrogen atoms, the six boron 
atoms about each Th center describe a distorted octahedral arrangement, in which the two 
terminal κ3-BH4
- groups are mutually cis.  The 14 hydrogen atoms surrounding the 
central thorium atom do not describe a simple regular coordination polyhedron, although 
it is possible to view the arrangement as a highly distorted bicapped hexagonal antiprism. 
The metal centers are linked into a three-dimensional polymer that consists of 
interconnected helical chains wound about fourfold screw axes. The most interesting 
result is that the Th and U complexes show some systematic differences in bond distances 
and angles, which is tentatively attributed either to the different f-electron configurations 
of these two ions (f0 vs f2) or to the lower energies of the f-orbitals on uranium.  Few 
other examples of such electronic effects in actinide chemistry have been postulated. 
The reaction of ThCl4 with six equiv. of LiBH4 in diethyl ether produces the 
compound [Li(Et2O)2][Th(BH4)5], the thorium center in this molecule is surrounded by 
six borohydride ligands.  Four of these six borohydrides are coordinated in a tridentate κ3 
fashion, and the other two BH4
- groups bridge between neighboring Th centers in a 
bis(bidentate) κ2,κ2 fashion forming a polymeric structure, as determined by single crystal 
X-ray diffraction.  This is the first structurally characterized 16 coordinate compound of 
any kind.  [Li(Et2O)2][Th(BH4)5] reacts with thf to form the mononuclear salt 
[Li(thf)4][Th(BH4)5(thf)].  The thorium atom is coordinated by five borohydride groups 
and one thf molecule.  Investigation of the Th···B distances revealed that all five BH4
- 
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groups are coordinated in a tridentate fashion giving an overall coordination number of 
16.  [Li(Et2O)2][Th(BH4)5] can also be treated with 12-crown-4 to produce the [Li(12-
crown-4)2]2[Th(BH4)6] salt.  This result is interesting because, unlike the formation of 
[Li(thf)4][Th(BH4)5(thf)], which is the product of structural rearrangement, [Li(12-crown-
4)2]2[Th(BH4)6] is the result of a disproportiation reacton.  The enviorment about the 16-
coordinate thorium atom is essentially the same as that in [Li(Et2O)2][Th(BH4)5] except 
the bidentate borohydride groups are not bridging. 
Treatment of ThCl4 with lithium tetrahydroborate in various ether solvents affords 
the complexes Th(BH4)4(Et2O)2, Th(BH4)4(thf)2, and Th(BH4)4(dme)2, where thf = 
tetrahydrofuran and dme = 1,2-dimethoxyethane.  The complexes have been 
characterized by infrared spectroscopy, and by 1H and 11B NMR spectroscopy.  The 
crystal structures of Th(BH4)4(Et2O)2 and Th(BH4)4(thf)2 have been characterized by 
single crystal X-ray diffraction; both adopt trans-octahedral geometries, if the BH4 groups 
are considered to occupy one coordination site.  All four BH4 groups in both complexes 
are tridentate, making the thorium atoms 14 coordinate.  The Th···B distances are 2.64-
2.67 Å and the Th-O distances are 2.47-2.52 Å.  All three ether adducts of Th(BH4)4 are 
volatile and readily sublime at 60 °C and 10-4 Torr;  passage of the diethyl ether adduct 
Th(BH4)4(Et2O)2 over glass, Si(100), and aluminum substrates heated to 350 °C yields 
amorphous films of approximate stoichiometry ThB2.  The thorium boride films 
deposited from the tetrahydrofuran adduct Th(BH4)4(thf)2 have stoichiometries closer to 
ThB2.5, and are contaminated with oxygen.   
The reaction of MBr2 (M = Ca or Sr) with two equiv. of sodium ,-
dimethylaminodiboranate, Na(H3BNMe2BH3) in Et2O at 0 ºC give a product which, after 
being dried in vacuum, proves to be the compound M(H3BNMe2BH3)2.  Before they are 
dried in vacuum, the colorless crystals obtained from the above reaction consist as the 
diethyl ether adducts M(H3BNMe2BH3)2(Et2O)2.  If the reaction of MBr2 with two equiv 
of Na(H3BNMe2BH3) is carried out in the more strongly coordinating solvent thf rather 
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than diethyl ether, the thf solvate M(H3BNMe2BH3)2(thf)x, (x = 2 for Ca and 3 for Sr), is 
obtained.  Treating the thf adducts with 1,2-dimethoxyethane (dme), bis(2-methoxyethyl) 
ether (diglyme), or ,,′,′-tetramethylethylenediamine (tmeda) in thf affords the new 
compounds M(H3BNMe2BH3)2(dme)x, (x = 1 for Ca and 2 for Sr), 
M(H3BNMe2BH3)2(diglyme), and M(H3BNMe2BH3)2(tmeda), respectively, in greater 
than 60% yields. Treatment of the thf adducts with two equiv. of the crown ether 12-
crown-4 in thf affords the charge-separated salts, [Ca(12-crown-4)2][H3BNMe2BH3]2, 
and [Sr(H3BNMe2BH3)(12-crown-4)2][H3BNMe2BH3].   
All of the adducts, expect the two containing 12-crown-4, possess chelating κ2-
BH3NMe2BH3-κ
2 groups, in which two hydrogen atoms on each boron center are bound 
to the metal center.  The 12-crown-4 compounds are unique within their respective series 
as the only ionic compound. The Ca atom is completely encapsulated by 12-crown-4 and 
the DMADB anions are charge-separated counterions.  The Sr compound possesses an 
unusual κ1-BH3NMe2BH3 group because the Sr atom is almost completely encapsulated 
by two 12-crown-4 molecules; the other BH3NMe2BH3 anion is a charge-separated 
counterion within the unit cell.  When heated, the dme, diglyme, and tmeda compounds 
of Ca melt without decomposition, and can be sublimed readily under reduced pressure (1 
Torr) at 90 ºC, for dme, and 120 ºC, for diglyme and tmeda.  When heated, the diglyme 
and tmeda compounds of Sr melt without decomposition, and can be sublimed readily 
under reduced pressure (1 Torr) at 120 ºC.  The dme adduct of Ca is one of the most 
volatile calcium compounds known, and is a promising CVD precursor for the growth of 
calcium-containing thin films.  The diglyme and tmeda adducts of Sr are some of the 
most volatile strontium compounds known, and are promising candidates as CVD 
precursors for the growth of strontium-containing thin films.  
 v
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CHAPTER 1.  X-ray Crystal Structure of Thorium Tetrahydroborate Th(BH4)4 
 
Introduction 
Metal tetrahydroborates are a fascinating class of compounds with several potential 
technological uses.1-10  One of the earliest such compounds discovered was the uranium 
tetrahydroborate U(BH4)4, which was evaluated during World War II as the transporting agent in 
the separation of the fissionable 235U isotope from uranium ores by gas diffusion.11-13  The 
interest in U(BH4)4 for this purpose stemmed from the fact that it was one of the few volatile 
uranium complexes known.  Ultimately, U(BH4)4 was passed up in favor of the hexafluoride UF6 
because the latter compound could be heated to higher temperatures without decomposing, and 
thus could generate higher vapor pressures of uranium-containing material.  Today, the volatility 
of metal tetrahydroborates makes these compounds of interest as precursors for the chemical 
vapor deposition of metal diboride phases,14-20 which have some very attractive properties, 
including high hardnesses, high melting points, moderate strength, resistance to wear and 
corrosion, and good electrical conductivities.21-24  In addition, the high hydrogen content of metal 
tetrahydroborates has stimulated a large number of investigations of their potential utility as 
hydrogen evolving or hydrogen storage media.25-28  
Uranium tetrahydroborate, also known as uranium borohydride, is not as volatile as UF6 
in large part because the borohydride is not monomeric in the solid state.  In 1972, the first single 
crystal X-ray and single crystal neutron diffraction studies of U(BH4)4 were conducted.
29 The 
results showed that each uranium center in U(BH4)4 is surrounded by six borohydride groups, 
four of which bridge between two adjacent uranium atoms in a κ2,κ2 fashion.  The remaining two 
borohydride groups are terminal on uranium and are bound in a κ3 fashion; these two groups are 
mutually cis.  The uranium center is thus bound to 14 hydrogen atoms, and the coordination 
number of 14 was (at the time) the highest known.  The coordination polyhedron described by 
the 14 hydrogen atoms can be considered as a distorted bicapped hexagonal antiprism.   
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Interestingly, in 1979 a new polymorph of U(BH4)4 was discovered that was 
orthorhombic instead of tetragonal.30  In this orthorhombic phase, each uranium center is also 
bound to four bridging κ2 borohydrides and to two terminal κ3 borohydrides, but the latter are 
trans to one another rather than cis.31  As a result, the polymeric network formed by the bridging 
borohydride groups is quite different from that seen in the tetragonal polymorph. The U···B 
distances to the κ2 and κ3 borohydride groups are, however, similar in the two forms.  
Shortly after U(BH4)4 was first described in the 1940s, the thorium analogue Th(BH4)4 
was prepared.32 Powder X-ray diffraction investigations by Zachariasen suggested that Th(BH4)4 
and the tetragonal form of U(BH4)4 are isomorphous,
32 a result that was confirmed in 
unpublished work by Banks and Edelstein.33  The IR spectra of Th(BH4)4 and U(BH4)4 also 
support this conclusion:  Th(BH4)4 exhibits B-H stretching bands at 2555(m), 2545(s), 2505(m), 
2440(m), 2285(s), 2235(s), 2200(s), and 2118(s) cm-1, whereas U(BH4)4 has bands at 2552(m), 
2538(s), 2262(s), 2182(s), and 2087(s) cm-1.34  Both spectra are diagnostic of the presence of  
tridentate BH4
- ligands,35-37 the single strong band at high frequency (2450-2600 cm-1) and the 
strong doublet at low frequency (2100-2200 cm-1 with 50-80 cm-1 splitting) being particularly 
characteristic of this bonding mode.12,36 Because the crystal structure of U(BH4)4 shows clearly 
that bidentate borohydride groups are also present, one can conclude that the bands that are most 
characteristic of this bonding mode (a strong doublet in the range 2400-2600 cm-1) are obscured 
by the bands due to the tridentate groups.  Instead, the presence of bidentate groups is suggested 
by the medium intensity peak at 2555 (Th) and 2552 (U) cm-1 and by the strong peak at 2118 
(Th) and 2087 (U) cm-1.   
Despite the fact that the powder diffraction and spectroscopic data suggest that Th(BH4)4 
and the tetragonal form of U(BH4)4 are isomorphous, their physical and chemical properties are 
rather different. For example, whereas Th(BH4)4 sublimes only with difficulty at 130 ºC (Pvap = 
0.05 Torr at this temperature)38 and is thermally stable up to its melting point of 204 ºC, the 
uranium analogue sublimes readily at 30 ºC (Pvap = 0.19 Torr at this temperature)
32 and 
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decomposes at 100 ºC.11  In addition, the thorium complex far less soluble in nonpolar, non-
coordinating solvents.   
Although Th(BH4)4 was first prepared more than 60 years ago, the details of its solid state 
structure have remained unknown until now.  Here we report the single crystal structure of 
Th(BH4)4. 
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Results and Discussion 
Synthesis and Crystal Structure of Th(BH4)4.  Two preparations of thorium 
borohydride have been reported.  The original synthesis from 1949 entailed treatment of ThF4 
with the pyrophoric reagent Al(BH4)4 in the absence of a solvent.
32  Twenty years later, 
Ehemann and Nöth reported that Th(BH4)4 could be isolated by treatment of ThCl4 with LiBH4 
in diethyl ether followed by removal of the solvent and sublimation in vacuum.39  We find that 
the product obtained by the latter route tends to retain substoichiometric amounts of diethyl 
ether.  Accordingly, we employed the original route to prepare the samples of Th(BH4)4 used in 
the present study.  Colorless crystals suitable for X-ray diffraction were grown by sublimation 
under vacuum at 150 ºC.  Crystals of Th(BH4)4 conform to the space group P43212 with four 
formula units per unit cell, and half a molecule per asymmetric unit.  Selected bond distances and 
angles are given in Table 1.2.  As we will show, the structure is isomorphous with the tetragonal 
form of its uranium analogue U(BH4)4.  
The thorium atoms reside on special positions with two-fold rotational site symmetry 
(Wyckoff position a).  Of the four BH4
- groups per formula unit, two are terminal and are bound 
to thorium in a tridentate κ3 fashion, and the other two BH4
- groups bridge between neighboring 
Th centers in a bis(bidentate) κ2,κ2 fashion (Figure 1.1).  In this arrangement each Th center is 
bound to six BH4
- groups (four of which are bridgint), which form a total of 14 Th-H bonds (2 × 
3 + 4 × 2).  If one ignores the hydrogen atoms, the six boron atoms about each Th center describe 
a distorted octahedral arrangement, in which the two terminal κ3-BH4
- groups are mutually cis;  
the angle between these two groups of 108.2(3)° is, not surprisingly, the largest angle between 
two mutually cis BH4
- groups in the structure.  The crystallographic two-fold axis passes through 
the Th center and bisects the B-Th-B angle defined by these two κ3-BH4
- groups; a view down 
this axis is shown in Figure 1.2.  The crystallographic two-fold axis is perpendicular to the 
B···Th···B axis described by the two bidentate BH4
- groups that are mutually trans.  If we regard 
these two BH4
- groups as “axial” groups, then the four “equatorial” groups are disposed 
alternately above and below the mean plane of these four groups; this deviation of the four 
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equatorial BH4
- groups from being mutually co-planar is best described as a kind of “S4 ruffle.”  
This distortion undoubtedly occurs so as to maximize the non-bonded H···H distances between 
different BH4
- groups.  The 14 hydrogen atoms surrounding the central thorium atom do not 
describe a simple regular coordination polyhedron, although it is possible to view the 
arrangement as a highly distorted bicapped hexagonal antiprism.29  
The Th···B distances to the terminal κ3 borohydride of 2.570(6) Å are similar to those 
reported in other thorium complexes bearing tridentate borohydride ligands:  2.61(3) Å in 
Th(BH4)[N(SiMe3)2]3,
40 2.48(2)-2.60(2) Å in Th2(BH3Me)8(Et2O),
41 2.61(8)-2.632(9) Å in 
Th2(BH3Me)8(thf),
41 and 2.49(6)-2.71(7) Å in Th(BH3CH3)4.
42  Th(BH4)4 is only the second 
structurally characterized thorium complex to contain both κ3 and κ2 BH4
- groups; the first was 
the 1,2-bis(dimethylphosphino)ethane complex Th(BH4)4(dmpe)2, in which the κ
3 Th···B 
distances are 2.694(8)-2.686(9) and the κ2 Th···B distances are 2.879(9)-2.950(8) Å.43  The κ2 
Th···B distances of 2.895(6) and 2.934(6) Å in Th(BH4)4 are similar to the κ
2 Th···B distances in 
Th(BH4)4(dmpe)2, and also similar to those of 2.882(3)-2.949(3) Å in the 15 coordinate 
aminodiboranate complex Th(H3BNMe2BH3)4.
44 
The powder X-ray diffraction pattern calculated from the single crystal data (Figure 1.3) 
agrees with that reported for Th(BH4)4 by Banks and Edelstein.
33  Our cell parameters of a = 
7.6073(4) Å and c = 13.3631(9) Å also agree with those found in this previous study of a = 
7.58(3) Å and c = 13.31(5) Å.33  A more detailed comparison can be made with the structure of 
the tetragonal phase of the analogous uranium complex U(BH4)4, which was determined by both 
single crystal X-ray and neutron diffraction methods.29  This form of U(BH4)4 also crystallizes in 
the P43212 space group, with cell parameters of a = 7.58(3) Å and c = 13.31(5) Å.  In both 
Th(BH4)4 and this tetragonal form of U(BH4)4, the metal centers are linked into a three-
dimensional polymer that consists of interconnected helical chains wound about fourfold screw 
axes (Figures 1.4 and 1.5).  The U···B distances to the terminal κ3 borohydride of 2.52(1) Å is 
ca. 0.05 Å shorter than the analogous Th···B distances of 2.570(6) Å, as expected owing to the 
0.06 Å difference in ionic radii.45     
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Differences in metal-ligand bonding of thorium and uranium.  There is one 
interesting difference between the structures of Th(BH4)4 and the tetragonal form of U(BH4)4.  
The M···B distances to the bridging κ2,κ2 borohydride groups are 2.895(6) and 2.934(6) Å in the 
Th complex, and 2.82(2) and 2.90(1) Å in the U complex.  Thus, in both structures, these 
bridging borohydride groups are bound asymmetrically:  one of the two M···B distances is about 
0.04-0.08 Å shorter than the other.  The interesting difference is that, in the thorium complex, the 
shorter of the two distances is seen for the Th···B contacts that are trans to the κ3 BH4 groups.  
In contrast, in the uranium complex, the shorter of the two distances is seen for the U···B 
contacts that are cis to the κ3 BH4 groups.
46 
It is not apparent to us how this structural difference could be attributed to a steric effect, 
and so we tentatively ascribe it to an electronic effect. One possibility is that the different pattern 
of bond lengths in the Th(BH4)4 and U(BH4)4 arises from the different f-electron configurations 
of thorium (f0) and uranium (f2).  We are aware of only a few other examples of a structural 
difference between a Th and a U complex that has been ascribed to this kind of electronic effect.  
One example is the differences in the metal-oxygen distances in the thorium and uranium 
tetra(catecholato) complexes observed in 1978 by Raymond.47  Whereas the Th-O distances are 
nearly identical, the U-O distances differ by 0.027(5) Å.  A different electronic reason has been 
ascribed to account for a structural difference between monomeric ThO2 and UO2 generated in 
matrix isolation studies. These vibrational data suggest that ThO2 is bent with an O-Th-O angle 
of 122.5(2)º,48  whereas UO2 is linear.
49,50  Recent DFT calculations on these two species lead to 
the conclusion that the structural difference between ThO2 and UO2 is not due to the different f-
electron configurations, but instead is due to the dependence of the f-orbital energies, and their 
resulting participation in the bonding, as a function of nuclear charge.51  Lending support to this 
conclusion is the finding that the monocation PaO2
+ (which is f0 like ThO2) is linear instead of 
bent; this result can be attributed to lower energy of the 5f orbitals of Pa and their resulting 
greater overlap with the 2p orbitals of O.51   
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At this point, what we can say is that the structural difference seen in the two M(BH4)4 
compounds is likely an electronic effect stemming either from the change in f-orbital 
configuration or the change in f-orbital energies between Th and U.      
Finally, we point out that the significantly lower volatility of Th(BH4)4 vs. U(BH4)4 
suggests that the bridging interactions in the Th compound are stronger than those in U, so that 
Th(BH4)4 is more reluctant to depolymerize to monomers or small oligomers.  This behavior 
could simply be a consequence of the larger radius of Th, and a larger energetic cost associated 
with the decrease in coordination number upon depolymerization of the solid state structure, but 
it could also reflect the greater ionicity of the Th-BH4 interactions.   
 
Conclusions 
We have determined the crystal structure of Th(BH4)4 and confirmed that it is 
isomorphous with the tetragonal form of its uranium analogue.  The metal centers are linked into 
a three-dimensional polymer that consists of interconnected helical chains wound about fourfold 
screw axes.  Perhaps the most interesting result is that the Th and U complexes show some 
systematic differences in bond distances and angles, which may be due to the different f-electron 
configurations of these two ions (f0 vs f2).  Few other examples of such electronic effects in 
actinide chemistry have been postulated. 
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Experimental Section   
All operations were carried out in vacuum or under argon using standard Schlenk 
techniques.  All glassware was dried in an oven at 150 ºC, assembled hot, and allowed to cool 
under vacuum before use.  ThF4 (Strem) and LiBH4 (Aldrich) were used as received.  AlCl3 was 
sublimed before use from a melt of 90% AlCl3 and 10% NaCl in the presence of a small amount 
of Al powder.52  
■ Caution!  The following reactions produce hydrogen, which is flammable, and 
diborane, which is toxic and flammable.  Aluminum tris(borohydride) is pyrophoric in air, and 
the thorium compounds are radioactive.  All manipulations should be conducted in a well 
ventilated fume cupboard, and radioactive wastes should be kept separate and disposed properly.  
Tetrakis(tetrahydroborato)thorium(IV).  The synthesis of this material begins with the 
preparation of Al(BH4)3 by the following modification of a literature route.
53  A flask was 
charged successively with AlCl3 (1.91 g, 14.3 mmol), a magnetic stir bar, a layer of oven-dried 
sand (~5-7 g), and LiBH4 (0.85 g, 39.0 mmol).  The sand has a dual role:  to serve a temporary 
barrier between the reactants that prevents premature reaction, and to act as a dispersant to 
enable the reaction to proceed with minimal clumping.  The reaction flask was connected by 
means of a 2 cm diameter glass U tube to a receiver containing a stirring bar and ThF4 (2.0 g, 
6.49 mmol) cooled to –78 ºC; this arrangement minimizes the number of manipulations of the 
pyrophoric Al(BH4)3.  The apparatus was placed under a static vacuum, and the solids in the 
reaction flask were gently stirred and heated to 40 ºC in an oil bath.  As the reaction proceeded, 
the apparatus was occasionally opened briefly to dynamic vacuum to aid in the distillation of 
Al(BH4)3 and the removal of gaseous byproducts (H2 and B2H6).   
After the Al(BH4)3 had collected as a white solid in the receiver, the mixture of ThF4 and 
Al(BH4)3 was warmed to room temperature and stirred under static vacuum for 3 days.  Then the 
unreacted Al(BH4)3 was distilled at 1.0 Torr through the U tube into a collection flask at –78 ºC 
containing toluene/thf (2:1).  After the distillation was completed, the collection flask was 
disconnected from the U tube under an argon flow and its contents were neutralized under argon 
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by slow addition of first ethanol, then water, and finally aqueous 1M HCl.  The white solid left 
behind after distillation of the excess Al(BH4)3 contained the desired product.  The solid was 
transferred to a sublimator equipped with a water-cooled cold finger and sublimed at 150 ºC and 
1.0 Torr to afford small colorless prisms.  Yield:  0.5 g (26%). 
Crystallographic Studies.54  Single crystals of Th(BH4)4 were grown by sublimation and 
mounted on glass fibers with Paratone-N oil (Exxon) and immediately cooled to -80 °C in a cold 
nitrogen gas stream on the diffractometer.  Standard peak search and indexing procedures gave 
rough cell dimensions, and least squares refinement using 6749 reflections yielded the cell 
dimensions given in Table 1.1. 
Data were collected with an area detector using the measurement parameters listed in 
Table 1.  The systematic absences 00l (l ≠ 4n) and h00 (h ≠ 2n) were consistent with the space 
groups P43212, and P41212.  The space group P43212 was chosen, and this choice was confirmed 
by successful refinement of the proposed model and a chirality test (see below).  The measured 
intensities were reduced to structure factor amplitudes and their estimated standard deviations 
(e.s.d’s) by correction for background and Lorentz and polarization effects.  No corrections for 
crystal decay were necessary, but a face-indexed absorption correction was applied, the 
minimum and maximum transmission factors being 0.103 and 0.262.  Systematically absent 
reflections were deleted and symmetry equivalent reflections were averaged to yield the set of 
unique data.  One reflection (014) was a statistical outlier and was omitted; the remaining 1481 
unique data were used in the least squares refinement.  
 The structure was solved by using direct methods (SHELXTL).  Correct positions for all 
atoms were deduced from an E-map and subsequent least-squares refinement and difference 
Fourier calculations.  The quantity minimized by the least-squares program was Σw(Fo
2 – Fc
2)2, 
where w = {[σ(Fo
2)]2 + (0.016P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The analytical approximations to the 
scattering factors were used, and all structure factors were corrected for both real and imaginary 
components of anomalous dispersion.  In the final cycle of least squares, independent anisotropic 
displacement factors were refined for the non-hydrogen atoms.  Hydrogen atoms were located in 
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the difference maps, and their positions were refined with displacement parameters set equal to 
1.2 times Ueq for the attached boron.  Chemically equivalent Th-H distances were constrained to 
be equal within an e.s.d. of 0.05 Å.  The B2-H8 bond distance was fixed to be 1.10 ± 0.01 Å, and 
each BH4 group was constrained to be approximately tetrahedral by requiring the H···H 
distances to be equal within an e.s.d. of 0.02 Å.  An isotropic extinction parameter was refined to 
a final value of x = 2.2(2) × 10-6, where Fc is multiplied by the factor k[1 + Fc
2
xλ3/sin2θ]-1/4 with 
k being the overall scale factor.  The Flack parameter of 0.00(5) showed that the correct chiral 
space group had been chosen.  Successful convergence was indicated by the maximum shift/error 
of 0.000 for the last cycle.  Final refinement parameters are given in Table 1.  The largest peak in 
the final Fourier difference map (1.52 eÅ-3) was located 0.83 Å from Th1.  A final analysis of 
variance between observed and calculated structure factors showed no apparent errors.   
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Tables and Figures  
Table 1.1.  Comparison of the X-ray crystallographic data for Th(BH4)4 at 193 K compared with 
data for the tetragonal form of U(BH4)4.
55   
 
 Th(BH4)4 U(BH4)4
 
formula ThB4H16 UB4H16 
FW (g mol-1) 291.41 297.4 
λ (Å) 0.71073 0.71073 
crystal system Tetragonal Tetragonal 
space group P43212 P43212 
a (Å) 7.6073(4) 7.49(1) 
b (Å) 7.6073(4) 7.49(1) 
c (Å) 13.3631(9) 13.24(1) 
V (Å3) 773.34(8) 742.76 
Z 4 4 
ρcalc (g cm
-3) 2.503 2.66 
µ (mm-1) 19.157 20.79 
Rint 0.1283 - 
abs corr method Integration - 
max., min. transm. factors 0.262, 0.103 - 
data/restraints/params 1481 / 36 / 49 493 / - / 14 
GOF on F2 1.003 - 
R1 [I > 2σ(I)]
a 0.0231 0.040 
wR2 (all data)
b 0.0480 - 
max, min ∆ρelectron (e·Å
-3) 1.52, -2.58 - 
a
R1 = ∑ ||Fobs| - |Fcalc|| / | ∑ |Fobs| for reflections with Fobs
2 > 2 σ(Fobs
2). 
b
wR2 = [∑w(Fobs
2 - Fcalc
2)2 / ∑(Fobs
2)2]1/2 for all reflections. 
  
 
12
Table 1.2.  Selected Bond Lengths and Angles for Th(BH4)4 at 193 K.
a 
 
Bond Length (Å) 
Th(1) ··B(1) 2.895(6)  Th(1)-H(6) 2.42(3)  
Th(1) ··B(1A) 2.934(6)  Th(1)-H(7) 2.41(3)  
Th(1) ··B(1B) 2.934(6)  B(1)-H(1) 1.17(5)  
Th(1) ··B(1C) 2.895(6)  B(1)-H(2) 1.15(4)  
Th(1) ··B(2) 2.570(6) B(1)-H(3) 1.16(4)  
Th(1) ··B(2A) 2.570(6)  B(1)-H(4) 1.19(5)  
Th(1)-H(3) 2.38(4)  B(2)-H(5) 1.13(4)  
Th(1)-H(4) 2.45(3)  B(2)-H(6) 1.21(4)  
Th(1)-H(5) 2.37(3)  B(2)-H(7) 1.09(4)  
  B(2)-H(8) 1.09(4)  
Bond Angles (deg) 
B(1)-Th(1)-B(1A) 97.9(2)  B(1A)-Th(1)-B(1B) 179.3(3) 
B(1)-Th(1)-B(1B) 82.66(3)  B(1A)-Th(1)-B(2) 79.4(2) 
B(1)-Th(1)-B(1C)  78.0(3)  B(1A)-Th(1)-B(2A) 100.2(2)  
B(1)-Th(1)-B(2) 89.7(2)  Th(1)-B(1)-Th(1D) 166.4(3) 
B(1)-Th(1)-B(2A) 156.6(2)   
a Symmetry transformations used to generate equivalent atoms: A = y, x, -z;  B = y-½, -x+½, 
z+¼;   C = -x+½, y-½, -z-¼;  D= -y+½, x+½, z-¼.  
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Figure 1.1.  Molecular structure of Th(BH4)4.  Ellipsoids are drawn at the 30% probability level, 
except for hydrogen atoms, which are represented by arbitrarily sizes spheres.  .  
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Figure 1.2.  View down the crystallographic two-fold axis that passes through the Th atom.  
Ellipsoids are drawn at the 30% probability level;  hydrogen atoms have been deleted for clarity.  
Solid lines indicate Th-B linkages to κ3-BH4
- groups, whereas broken lines indicate linkages to 
κ2-BH4
- groups.  Angles not shown are B(1A)-Th(1)-B(1B) = 179.3(3)º; B(2)-Th(1)-B(1C) = 
156.6(2)º; Th(1)-B(1)-Th(1A) = 166.4(3)º.  
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Figure 1.3.  Mo Kα powder X-ray diffraction pattern of Th(BH4)4 calculated from the single 
crystal data.  The following list gives (hkl) for the peaks marked with asterisks followed by the 
calculated d-spacing from the single crystal data and the experimental33 d-spacing from an earlier 
powder diffraction data.  (101): 13.38, 13.68; (110): 16.46, 16.63; (111): 17.66, 17.83; (200): 
23.36, 23.58; (201): 24.30, 24.53; (211): 27.02, 27.23; (212): 29.44, 29.68; (114): 31.50, 31.63; 
(213): 33.10, 33.23; (214): 37.98, 38.08. 
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Figure 1.4.  Stereoscopic view of Th(BH4)4 perpendicular to the 43 screw axis with hydrogen 
atoms removed for clarity.  Key: larger circles are Th, smaller circles are B. 
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Figure 1.5.  Stereoscopic view of Th(BH4)4 down the c-axis with hydrogen atoms removed for 
clarity.  Key: larger circles are Th , smaller circles are B. 
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CHAPTER 2.  Synthesis and Characterization of the 16 Coordinate Compounds 
[Th(BH4)5]
-
 and [Th(BH4)6]
2-
 
 
Introduction 
In his famous paper of 1893, the Swiss chemist Alfred Werner was the first to define the 
term coordination number to describe the local environment of metal atoms.1  Werner’s concept, 
however, was not universally accepted by the chemical community, and particularly critical was 
the great Danish chemist Sophus Mads Jørgensen, who was a proponent of the chain theory for 
the structure of metal ammine complexes.  Their two proposals for the molecular structure of a 
representative coordination complex, [Co(NH3)6]Cl3, are shown below.   
Werner’s ideas were ultimately found to be correct.  He was awarded the Nobel Prize in 1913 
and is widely considered to be the father of modern inorganic chemistry. 
 Werner’s original definition of coordination number was expanded to incorporate new 
chemical developments as they arose.  One important modification was the recognition in the 
1920s that certain ligands, ethylene for example, bind to metal centers via two atoms but 
nevertheless are best considered to only one coordination site.2  The archetypal example of this 
phenomenon is seen in Zeise’s salt, K[PtCl3(C2H4)].  The platinum atom is bound to three 
chlorine atoms and to two carbon atoms of the ethylene ligand, but the properties of this complex 
are best understood if the platinum center is considered to four rather than five-coordinate.3-5  
The ethylene π electrons donate to the metal center just like the lone pair in ammonia.  Dewar 
and, independently, Chatt and Duncanson showed that there is a second interaction in Zeise’s salt 
Co
NH3
NH3
NH3
Cl
Cl
NH3 NH3 NH3 Cl Co
H3N
H3N NH3
NH3
NH3
NH3
3+
3Cl-
Jørgensen Werner
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and related compounds:  backbonding from filled metal d-orbitals into empty π* orbitals on the 
olefin, but this recognition did not change the conclusion that ethylene occupies only one 
coordination site.6-8  This modified definition of coordination number was quickly extended to 
other ligand types.  For example,  for example, when the cyclopentadienyl anion binds to metal 
centers by means of all five of its carbon atoms, it does so by occupying only three coordination 
sites on the metal center.  Today, we can make a simple definition of the Werner coordination 
number of an atom in a coordination complex:  the number of two electron sigma bonds that the 
atom forms with neighboring atoms.  
This definition of the Werner coordination number is almost always easy to define for 
molecular species, but often is difficult to apply to metallic or ionic materials because of the lack 
of identifiable coordinating groups.  One way to define the coordination number of atoms in a 
bulk solid is to use the mathematical concept of the kissing number.  The kissing number is 
defined as the number of unit spheres that are in direct contact with another unit sphere.  One 
long standing mathematical question is the maximum possible value of the kissing number in 
three dimensions.   Even as early as 1694, this question was the subject of a debate between two 
great mathematicians, Sir Isaac Newton and David Gregory.  A definitive proof that the correct 
number is 12 did not appear until 1953.  Two packing arrangements that afford the maximum 
possible kissing number of 12 are the hexagonal close packed (hcp) and cubic close packed (ccp 
or fcc) lattices.  The majority of the metals in the periodic table crystallize in one of these two 
lattices.  In the hcp lattice, each atom is surrounded by six other atoms in the same plane and to 
three atoms in both a plane directly above and a plane directly below this central plane.  For 
metals in a fcc lattice the central atom is surrounded by four atoms in the same plane and to four 
atoms in both the planes directly above and below the central plane.  The only commonly 
encountered lattice with a lower kissing number is the body centered cubic (bcc).   
A metal in a bcc lattice is in direct contact with eight other atoms and thus the kissing 
number is eight.  However, six other atoms are only slightly farther away from the center atom; 
although these six atoms are not in direct contact and therefore according to the definition of 
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kissing number are not included in the coordination number, a case can be made that the 
effective coordination number in the bcc structure is larger than eight.  To take into account the 
closely situated second nearest neighbors often seen in alloys and ionic materials, other 
definitions of coordination number have been proposed, one being the number of nearby atoms 
that define the Voronoi-Dirichlet polyhedron, which is the domain of space in which all points 
are closer to the atom of interest than to any other.9-11  This definition by Frank and Kasper, 
while unambiguous, nevertheless can lead to difficulties and contradictions.  For example, the 
Voronoi-Dirichlet polyhedron for the bcc structure is a truncated octahedron that has 14 faces; as 
a result, the Frank-Kasper coordination number for atoms in the bcc structure is 14.  Assigning 
atoms in the bcc a coordination number of 14 is questionable, however, because (as mentioned 
above) only 8 of the nearest neighbor atoms are in direct contact with the central atom;  the other 
six atoms are farther away.  It seems at least of questionable merit to adopt a definition in which 
atoms in the bcc structure have a higher coordination number than those in the hcp and ccp 
structures, especially when it is pointed out that the packing density of the bcc structure is lower 
than that of the two close packed structures.12-18   
To address this issue, others have suggested definitions that permit non-integer 
coordination numbers.  In these definitions, a neighboring atoms contributes exactly 1 to the 
coordination number if it is in direct contact, but contributes less than 1 to the coordination 
number as its distance from the central atom increases.  
Determining the maximum possible value for the kissing number (or Werner 
coordination number) becomes more difficult when the central and surrounding spheres (or 
ligands) are allowed to be different in size.19  Recently, this issue has been considered 
theoretically, and the 15-coordinate ion PbHe15
2+ has been predicted to be a bound species.20  
From a first principles perspective, we might expect that the highest possible coordination 
number for any atom in the periodic table to be 16, because this is the largest number of valence 
orbitals that an atom can have: one s-orbital, three p-oribitals, five d-orbitals, and seven f-
orbitals.  This analysis suggests that the highest coordination numbers should be seen for 
  
 
25
lanthanide and actinide elements. The formation of complexes with very high coordination 
numbers should be facilitated by the fact that these elements have some of the largest radii in the 
entire periodic table. 
We can also address the question of the highest coordination number from an 
experimental perspective, and in this regard complexes of the f-elements feature prominently.  
But first we need to return to the issue discussed above, and distinguish between the number of 
metal-ligand contacts and the number of two-electron metal-ligand bonds.  Thus, the metal atoms 
in the complex UCp4 and its thorium analog ThCp4 each are connected to 20 atoms,
21,22 but the 
Werner coordination number of 12 (counting π bonds as occupying one site) is widely 
acknowledged to be more appropriate to describe the metal-ligand bonding in these 
compounds.23  
High Werner coordination numbers are often seen for metal complexes of the 
borohydride anion BH4
-,24,25 which can coordinate to a single metal by as many as three 
hydrogen atoms.  From an electronic perspective, each B-H-M interaction involves a separate 
electron pair,26,27 and, according to the definition, can be considered as a separate bond.  
Accordingly, Zr(BH4)4,
28-30 Hf(BH4)4,
28,29,31 Np(BH4)4,
32 and Pu(BH4)4,
32 all have coordination 
numbers of 12, and Th(BH4)4,
28,29 Pa(BH4)4,
32 and U(BH4)4,
33,34 all of which are polymers in the 
solid state, have coordination numbers of 14.  Some derivatives of these compounds also have 
high coordination numbers, such as the 14-coordinate tetrahydrofuran complex U(BH4)4(thf)2.
35-
37  Aside from BH4
- and related ligands such as BH3CH3
-, the only other ligand that commonly 
forms complexes with high coordination numbers (such as 13, 14, and 15) is the ,-
dimethylaminodiboranato anion.  For both of these ligands, the highest coordination numbers are 
seen when the metal is a member of the lanthanide or actinide series.38-43   
The report of the X-ray structure of 14 coordinate U(BH4)4 by Lippard and co-workers in 
1972 set what was at that time a new record for the highest known Werner coordination number.  
Over the next 40 years, the number of known 14 coordinate compounds increased slowly, many 
of them being various Lewis base adducts of U and Th borohydride.42,44-47  U(BH4)4 and these 
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other complexes held the record for the highest known Werner coordination number until 2010, 
when Daly and Girolami described the remarkable 15 coordinate thorium ,-
dimethylaminodiboranate complex Th(BH3NMe2BH3)4.
38   
In this context, the complex salts of Li[Th(BH4)5] and Li2[Th(BH4)6], which were 
described in 1971 by Ehemann and Nöth, are of interest.29  Nöth prepared these complexes by 
treating the binary compound Th(BH4)4 with one or two equivalents of LiBH4.  The addition of 
one equivalent of LiBH4 to Th(BH4)4 in diethyl ether produced a heavy oil which afforded the 
salt Li[Th(BH4)5] upon removal of the solvent under vacuum.  The composition of this species 
was confirmed by elemental analysis and NMR spectroscopy, but its structure – and the 
coordination number of the thorium center – was the subject of some doubt.  The IR spectrum of 
Li[Th(BH4)5] suggested that most of the BH4 groups were bound in a bidentate fashion, but that 
it could not be ruled out that some were tridentate.  The double salt Li2[Th(BH4)6] was also 
mentioned in this paper but only briefly, with the comment that this compound appeared to be 
unstable.   
 Herein we report the synthesis and structural characterization of [Li(Et2O)2][Th(BH4)5], 
[Li(thf)4][Th(BH4)5(thf)], and [Li(12-crown-4)2]2[Th(BH4)6].  These compounds are the first 
reported examples of 16 coordinate compounds. 
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Results and Discussion 
 Synthesis of Anionic Borohydride Complexes of Thorium.  If a mixture of ThCl4 with 
six equiv. of lithium borohydride in Et2O is stirred for two days and then filtered, the filtrate 
consists of two liquid phases, the more dense being a heavy oil.  This oil was first observed by 
Nöth, who prepared it by treatment of Th(BH4)4 with one equiv. of LiBH4 in Et2O.
29  We find 
that removal of the volatile material affords a powder; subsequent extraction of the hot powder 
with hot toluene followed by crystallization yields X-ray quality needles of the salt, 
[Li(Et2O)2][Th(BH4)5], 1, in 29% yield. Elemental analysis of the bulk material suggests that 
about 0.2 equiv. of Et2O is lost upon drying. 
 
ThCl4  +  5 LiBH4  +  2 Et2O ―→  [Li(Et2O)2][Th(BH4)5]  +  4 LiCl 
     1 
 
Dissolution of 1 in tetrahydrofuran, followed by vapor diffusion of hexanes, yields the new 
compound [Li(thf)4][Th(BH4)5(thf)], 2, in 48% yield, and treatment of 1 with two equiv. of 12-
crown-4 in tetrahydrofuran gives a new salt, [Li(12-crown-4)2]2[Th(BH4)6], 3, in excellent yield.  
Evidently, the addition of 12-crown-4 promotes a redistribution reaction that results in the 
conversion of the penta(borohydrido)thorate anion into a hexa(borohydrido)thorate dianion. 
 
2 [Li(Et2O)2][Th(BH4)5]  +  4 (12-crown-4)  →  [Li(12-crown-4)2]2[Th(BH4)6]  +  Th(BH4)4 + 4 
Et2O 
3 
 
 Structural Data and Comparision of the ew Thorium Compounds.  Crystal data for 
1-3 are listed in Table 1, and selected bond distances and angles are given in Tables 2-4.  In all 
three structures, the hydrogen atoms surfaced in the difference maps, and their locations could be 
refined subject to light constraints.   
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 The diethyl ether compound [Li(Et2O)2][Th(BH4)5], 1, crystallizes in the P2/n space 
group with two formula units per unit cell.  Each thorium center is bound to four κ3-BH4
- groups 
arranged in an equatorial girdle, and to two axial κ2,κ2-BH4
- groups that bridge between thorium 
centers (Figure 2.1).  As a result of the bridging groups, the thorium centers are linked into a 
linear polymer.  The κ2,κ2-BH4
- groups and thorium centers all reside on a crystallographic two-
fold axis coincident with the polymer axis, so that the B-Th-B and Th-B-Th angles are exactly 
180.0º.   
The four BH4
- groups in the equatorial girdle are describe a slight S4 ruffle, in which each 
boron atom lies ~0.55 Å out of the mean ThB4 plane.  The equatorial Th···B distances all lie 
within a small range, from 2.632(8) to 2.646(7) Å, and are characteristic of κ3 BH4
- groups.  The 
two axial BH4
- groups have much longer Th···B distances of 2.915(9) and 2.991(9) Å that are 
characteristic of κ2-BH4
- groups.  We are unsure why these two Th···B distances differ by ca. 
0.075 Å, but the asymmetry may be related to the interactions of the polymer chain with the 
lithium cations (see below).  The refined hydrogen locations confirm that all four of the 
equatorial BH4
- groups are κ3 and the axial groups are κ2, with the average Th-H distance being 
2.49 Å.   
The coordination number of the thorium is 16 (two κ2-BH4
- groups and four κ3-BH4
- 
groups.  The relative orientations of the BH4
- groups maximize the non-bonded H···H distances 
and minimize interligand repulsions.  For example, rotation of each κ3-BH4
- group by 180° about 
the respective Th-B axis shortens some of the H···H contacts by as much as 0.5 Å.  The 16 
hydrogen atoms about each thorium center describe a distorted 16-vertex polyhedron known as a 
di-spheno-cingulum, or Johnson solid #90.  This polyhedron can be thought of as a hexagonal 
antiprism in which each hexagonal face is capped by a pair of vertices.  The line connecting the 
two capping vertices is parallel to two opposite edges of the hexagonal face capped by the pair, 
and the four capping vertices are arranged in such a way that the polyhedron has idealized D2d 
(4¯) symmetry.    
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The lithium countercations in 1 are each coordinated approximately tetrahedrally to two 
diethyl ether molecules and two hydrogen atoms; the latter are terminal hydrogen atoms from 
equatorial κ3-BH4
- groups on two different polymer chains.  The Li···B distances in 1 are 2.77(5) 
and 2.83(5) Å.  The bridges formed by the lithium ions link the polymer chains into two-
dimensional sheets (Figure 2.2).   
The compound [Li(thf)4][Th(BH4)5(thf)], 2, crystallizes in the space group P21/c with one 
formula unit per asymmetric unit.  The [Li(thf)4]
+ cations and [Th(BH4)5(thf)]
- anions are 
completely charge separated.  The lithium atom is coordinated to four thf molecules in a 
tetrahedral arrangement, with an average Li-O distance of 1.89 Å and O-Li-O angles ranging 
from 105.7(6) to 111.1(5)º.  The thorium atoms are surrounded by five κ3-BH4
- groups with 
Th···B distances ranging from 2.644(7) to 2.686(7) Å (Figure 2.3); the average Th-H distance is 
2.52 Å.  A thf molecule with a Th···O distance of 2.561(4) Å completes the coordination sphere 
of the thorium atom.  The five boron atoms and the oxygen atom describe a distorted octahedron 
about the thorium cener.  The thf molecule is trans to one of the coordinated BH4
- groups with an 
almost linear O-Th-B angle of 179.1(2)º.  The remaining four BH4
- groups are coordinated 
equatorially about the thorium atom but, instead of a slight S4 ruffle in which the boron atoms are 
alternately above and below the mean ThB4 plane, all four of these BH4
- groups are tilted away 
from the axial BH4
- group with an average Baxial-Th-Bequat angle of 96.4º.  As a result, the thorium 
atom is positioned ca. 0.3 Å above the plane of the four equatorial boron atoms, toward the axial 
BH4
- group.  This structural distortion, which is similar to that seen in the tetragonal phase of 
ferroelectrics such as BaTiO3,
48-51 takes place to minimizes non-bonded H-H repulsions between 
the ligands.36,52,53  The coordination number of the thorium center is 16 (one thf and five κ3-BH4
- 
groups).  Owing to the low symmetry (even when idealized), these sixteen atoms do not form an 
easily describable coordination polyhedron.   
The compound [Li(12-crown-4)2]2[Th(BH4)6], 3, crystallizes in the P21 space group with 
two [Li(12-crown-4)2]2[Th(BH4)6] formula units per asymmetric unit.  The cations and anions in 
this compound are fully charge separated:  the lithium atoms in the cations are each bound to two 
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12-crown-4 ligands.  The coordination geometry described by the borohydride groups in the 
[Th(BH4)6]
2- dianion is almost identical to that seen in 1, except that the thorium atoms are not 
linked together by bridging BH4
- groups to form a polymer (Figure 2.4).  Thus, each [Th(BH4)6]
2- 
dianion contains four κ3-BH4
- groups arranged equatorially around the thorium center, and two 
axial κ2-BH4
- groups.  The four equatorial BH4
- groups shows a slight S4 ruffle, in which each 
boron atom lies ~0.47 Å out of the mean ThB4 plane.  The equatorial Th···B distances all lie 
within a small range, from 2.681(9) to 2.713(8) Å, characteristic of κ3-BH4
- groups, and the two 
symmetry equivalent axial BH4
- groups have Th···B distances of 2.894(12) and 2.898(11) Å that 
are characteristic of κ2-BH4
- groups.  Unlike the asymmetry seen in the polymer 1, these κ2 BH4
- 
distances are identical within error. The hydrogen locations confirm these bonding modes; the 
average Th-H distance is 2.54 Å to the κ3 groups and 2.43 Å to the κ2 groups.     
The Th···B distances of 2.632(8)-2.713(8) Å in 1-3 are diagnostic for the presence of κ3-
BH4
- groups.  Known Th···B distances for other thorium complexes bearing κ3-BH4
- ligands are:  
2.570(6) Å in Th(BH4)4,
53 2.60(1)-2.66(1) Å in Th(BH4)4(PEt3)2,
52 2.694(8)-2.686(9) Å in 
Th(BH4)4(dmpe)2,
52 2.662(6)-2.670(6) Å in Th(BH4)4(Et2O)2,
53 2.645(8)-2.657(7) Å in 
Th(BH4)4(thf)2,
53 2.604(6)-2.658(8) Å in Th(BH4)2(BH3NMe2BH3)2(thf)·2thf,
54 2.583(10)-
2.608(9) Å in Th(BH4)2(BH3NMe2BH3)2,
54 2.61(3) Å in Th(BH4)[N(SiMe3)2]3,
55 2.49(6)-2.71(7) 
Å in Th(BH3Me)4,
56 2.48(2)-2.60(2) Å in [Th(BH3Me)4]2·Et2O,
57 and 2.61(8)-2.632(9) Å in 
[Th(BH3Me)4(thf)]2.
57  
Compound 1 and 3 also join a short list of structurally characterized thorium compounds 
that contain both κ3- and κ2-BH4
- groups; the first was the 1,2-bis(dimethylphosphino)ethane 
complex Th(BH4)4(dmpe)2
52 and the second was the binary compound Th(BH4)4.
53  The κ2 
Th···B distances in 1 and 3 range from 2.898(11) to 2.991(9) Å.  Known Th···B distances for 
other thorium complexes bearing κ2-BH4
- ligands are:  2.895(6)-2.934(6) Å in Th(BH4)4,
53 
2.879(9)-2.950(8) Å in Th(BH4)4(dmpe)2.
52  Similar Th···B distances of 2.882(3)-2.949(3) Å are 
seen in the κ2-bound aminodiboranate complexes Th(H3BNMe2BH3)4,
38 
Th(BH3NMe2BH3)2(BH4)2(thf)·2thf,
54 and Th(BH3NMe2BH3)2(BH4)2.
54  
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The Th-O distance of 2.561(4) Å in 2 is in agreement with those previously reported for 
other thf adducts of thorium:  2.471(5) Å in Th(BH4)4(thf)2,
53 2.541(3)-2.622(3) Å in 
ThCl4(thf)3(H2O),
58 2.535(4) Å in [Th(BH3Me)4(thf)]2,
57 2.53(1)-2.59(1) Å in (C8H8)Th-
Cl2(thf)2,
59 2.531(9)-2.628(8) Å in [(C5Me5)2ThCl(thf)2][BPh4],
60 2.50(1)-2.60(2) Å in 
ThBr4(thf)4,
61 2.548(4) Å in Th[Me3SiN(CH2CH2NSiMe3)2]Cl2(THF),
62 and 2.598(3) Å in 
Th(BH4)2(BH3NMe2BH3)2 (thf)·2thf.
54 
 Spectroscopic properties.  All three compounds exhibit characteristic B-H stretches in 
the IR spectrum:  they occur at 2485 (m), 2448 (m), 2332 (sh), 2273 (s), 2228 (s), and 2156 (m) 
cm-1 for the polymer, 1, at 2466 (m), 2355 (w), 2320 (w), 2222 (vw), and 2152 (sh) cm-1 for the 
thf adduct, 2, and at 2434 (s), 2392 (s), 2205 (s), and 2173 (s) cm-1, for the dianion, 3.  In the IR 
spectrum for 1, the two medium-intensity bands centered at 2466 cm-1 are characteristic of the 
terminal B-H stretches of κ2-BH4
- groups, whereas the two strong bands centered at 2252 cm-1 
are characteristic of the bridging B-H stretches of κ3-BH4
- groups.24  The ca. 40 cm-1 frequency 
difference within each pair is relatively small; a more characteristic splitting is 50-80 cm-1.  The 
small frequency difference suggests that the metal-ligand bonding has a larger than usual ionic 
component, and a smaller than usual covalent component, as might be expected in view of the 
highly electropositive nature of thorium.  
For compound 2, the presence of only a single band in the region near 2466 cm-1 suggests 
that κ3-BH4
- groups are present, and that κ2-BH4
- groups are absent, in agreement with the crystal 
structure.  The broad feature centered at 2280 cm-1 has two components with maxima at 2320 
and 2222 cm-1 that are less diagnostic of binding mode, but they are not inconsistent with the 
presence of κ3-BH4
- groups.  For compound 3, the two pairs of strong bands centered at 2413 and 
2189 cm-1, due to terminal and bridging B-H bonds, respectively, are very similar to those seen 
in compound 1, including the relatively small splitting of ca. 40 cm-1.   
Figure 2.5 shows the variable temperature 11B{1H} NMR spectra of the polymer 1 in d8-
thf between –70 ºC and 60 ºC.  Essentially identical spectra are seen for the thf compound 2, 
which is not surprising because 1 reacts with thf to form 2.  At –70 ºC, both spectra show three 
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peaks, at δ –10.8, δ –12.0 and δ –15.0, due to thorium BH4
- groups.  The absence of the 
resonance at δ –8.0 is an indication that Th(BH4)4(thf)2 is not present in these solutions. The two 
Th(BH4) resonances at δ –12.0 and –16.1 can be tentatively assigned to LiTh(BH4)5 and 
Li2Th(BH4)6, respectively, based on the chemical shifts of δ –13.4 for LiTh(BH4)5 and δ –17.5 
for Li2Th(BH4)6 at 25 ºC reported by Ehemann and Nöth.
29  
These two species exchange with one another, as indicated by the peak broadening and 
coalescence that occurs when the sample is warmed from -70 to -50 °C, followed by sharpening 
to give a strong singlet at δ -13.2 as the sample is further warmed from -50 to 0 °C.  Above –40 
°C a small shoulder is apparent at δ -11.9; this shoulder develops into a sharper peak at δ –13.0.  
Above 0 °C, the peaks at δ -11.9 and -13.2 begin to broaden again, indicating the onset of a new 
exchange process.  Specifically, at 40 ºC the Th(BH4) region of the spectrum is dominated by a 
single broad resonance at δ –14.2 (peak width at half height = 265 Hz).  The resonance continues 
to broaden, and reaches a peak width at half height of 444 Hz and a chemical shift of δ –15.4.  
The small LiBH4 resonance at δ –41.1, which is sharp in the spectrum at –70 ºC, begins to 
broaden at higher temperatures, evidently owing to exchange with the BH4
- groups attached to 
thorium.  The LiBH4 exchange is sufficiently rapid at 10 ºC so that the resonance is no longer 
observable. 
Figure 2.6 shows the variable temperature 11B{1H} NMR spectrum of [Li(12-crown-
4)2]2[Th(BH4)6], 3, in d8-thf between –70 and +60 ºC.  The spectrum at –70 ºC shows three 
resonances: a small one for LiBH4, δ –40.8, and two BH4
- resonances in the Th(BH4) region at δ 
–11.9 and –16.0 that can be assigned to LiTh(BH4)5 and Li2Th(BH4)6 as explained above.  The 
absence of a resonance at δ –8.0, reported by Nöth, is an indication that Th(BH4)4(thf)2 is not 
present in solution.  The spectra from –70 – 0 ºC behave similarly to that of 1 and 2.  As the 
temperature is raised above 0 ºC proceeding to 60 ºC the two resonance begin to exchange, but 
even at 60 ºC there are still two distinguishable resonances with chemical shifts of δ –13.7 and δ 
–14.6.  The LiBH4 resonance present at –70 ºC immediately begins to broaden owing to 
exchange with the BH4
- groups attached to thorium.  The coalescence temperature for this 
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process (i.e., the temperature at which the resonance has broadened so much that it is no longer 
observable in the spectrum) is ca. 10 ºC. 
 
Conclusions 
The results presented set a new record if sixteen for the highest Werner coordination 
number obtained to date.  The coordination number is the result of a very large ionic radius of 
Th4+ and the relatively small size of the BH4
- groups. 
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Experimental Section 
 All manipulations were carried out in an inert atmosphere of argon using standard 
Schlenck technique.  Tetrahydrofuran and diethyl ether were distilled from sodium/benzo-
phenone before use.  Thionyl chloride (Aldrich), lithium borohydride (Aldrich), 1,4,7,10-
tetraoxacyclododecane (12-crown-4; Aldrich) and thorium nitrate pentahydrate (Aldrich) were 
used as received.  Elemental analyses were carried out by the University of Illinois 
Microanalytical Laboratory.  The IR spectra were recorded on a Perkin Elmer Spectrum One 
infrared spectrometer as Nujol mulls between KBr plates. The NMR data were collected on a 
Varian Unity 400 instrument at 9.4 T (1H and11B).  Chemical shifts are reported in δ units 
(positive shifts to high frequency) relative to SiMe4 (
1H) or BF3·Et2O (
11B).  Melting points were 
determined in closed capillaries under argon on a Thomas-Hoover Unimelt apparatus. 
 Thorium Tetrachloride, ThCl4.  In air (or under inert atmosphere), a solution of 
Th(NO3)4·5H2O (20.0 g, 35.0 mmol) in concentrated HCl (200 mL) was heated at reflux until the 
evolution of NO2 had ceased and the solution was colorless.  If after 24 hrs the solution is not 
colorless an additional concentrated HCl (20 mL) may be added and the mixture returned to 
reflux for an additional 12-18 hrs.  The reaction mixture was concentrated by distillation, initially 
at atmospheric pressure, and later (as the solvent volume became small) under vacuum.  As the 
mixture began to solidify, the temperature was kept below 60 ºC so as to avoid the formation of 
thorium-oxo species.  The dried material is hygroscopic and manipulations should be conducted 
under an inert atmosphere from this step forward.  The material was powdered with the 
assistance of a mortar and pestle. To the powder was added SOCl2 (100 mL) and the resulting 
suspension was refluxed for 24 hr.  The suspension was filtered, and the solid was washed 
benzene (3 × 50 mL) and pentane (2 × 50 mL) and dried under vacuum at 75 ºC.  Yield: 12.18 g 
(93 %). 
 Bis(diethylether)lithium Pentakis(tetrahydroborato)thorate(IV), [Li(Et2O)2]-
[Th(BH4)5], 1.  To a mixture of ThCl4 (4.0 g, 10.7 mmol) and LiBH4 (1.4 g, 64.2 mmol) at -10 
ºC (ice/brine bath) was added diethyl ether (100 mL).  The solution was warmed to room 
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temperature and the resulting suspension was stirred for two days.  The suspension was filtered 
to yield a biphasic mixture of two immiscible liquids, the more dense being an oil.  This biphasic 
mixture was evaporated to dryness and the resulting colorless solid was powdered with the 
assistance of a mortar and pestle and extracted with hot toluene (50 mL).  The hot extract was 
cooled initially to 25 ºC and then to -20 ºC.  After 2 or 3 days, the colorless needles were isolated 
from the mother liquor and dried in vacuum for 2 h. It may be necessary to apply some heat (30 
– 40 ºC) to ensure removal of residual toluene.  Yield: 1.45 g (29%).  Anal. Calc for 
C7.2H38O1.8B5LiTh:  C, 19.4; H, 8.6; B, 12.1; Li, 1.6; Th, 52.0.  Found:  C, 19.0; H, 6.2; B, 11.6; 
Li, 1.6; Th, 51.4.  1H NMR (d8-thf, 0 °C):  δ 3.04 (q, JBH = 84 Hz, BH4), 3.37 (q, JHH = 7.1 Hz, 
OCH2), 1.10 (t, JHH = 7.1 Hz, Me).  
11 NMR (d8-thf, 0 °C):  δ -13.0 (s) and -13.7 (s).  IR (cm
-1): 
2485 m, 2448 m, 2332 sh, 2273 s, 2228 s, 2156 m, 1169 s, 1089 m, 1056 m, 1021 w, 909 w, 834 
w, 785w. 
 Tris(tetrahydrofuran)lithium Pentakis(tetrahydroborato)(tetrahydrofuran)-
thorate(IV), [Li(thf)3][Th(BH4)5(thf)], 2.  To [Li(Et2O)2][Th(BH4)5] (0.5 g, 1.12 mmol) in a 
small test tube was added tetrahydrofuran (5 mL).  The test tube was placed in a 30 mm OD 
Schlenck tube, to which hexane (12 mL) was added.  The Schlenk tube was sealed, and vapor 
diffusion over 3 days gave small colorless prisms.  Yield: 0.323 g (48%).  Anal. Calc for 
C16H52O4B5LiTh:  C, 31.9; H, 8.71; B, 8.98; Li, 1.2; Th, 38.6.  Found:  C, 32.2; H, 8.2; B, 5.0; 
Li, 1.2; Th, 39.3.  1H NMR (d8-thf, 0 °C):  δ 3.04 (q, JBH = 83 Hz BH4), 3.60 (m, OCH2), 1.76 
(m, β-CH2).  
11B{1H} NMR (d8-thf, 0 °C):  δ -13.0 and -13.8.  IR (cm
-1): 2466 m br, 2355 w br, 
2320 w br, 2222 vw br, 2152 sh, 1207 w, 1168 m, 1076 vw, 1041 w, 973 w, 891 vw, 853 vw. 
 Bis(1,4,7,10-tetraoxacyclododecane)lithium Hexakis(tetrahydroborato)thorate(IV), 
[Li(12-crown-4)2]2[Th(BH4)6]·0.75(thf), 3.  To a solution of [Li(Et2O)2][Th(BH4)5] (0.3 g, 0.67 
mmol) in tetrahydrofuran (40 mL) was added 12-crown-4 (0.25 mL, 1.54 mmol).  A white 
suspension formed immediately.  The solvent was removed under vacuum at 30 °C.  The 
resulting solid was dissolved in hot thf (20 mL) and slowly cooled to -20 °C to give small 
colorless prisms.  Yield 0.184 g (50%).  Anal. Calc for C35H94O16.75B6Li2Th:  C, 38.4; H, 8.66; 
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B, 5.93; Li, 1.27; Th, 21.2.  Found:  C, 37.9; H, 7.9; B, 5.60; Li, 1.20; Th, 21.3.  1H NMR (d8-thf, 
0 °C):  δ 3.06 (q, JBH = 84 Hz, BH4), δ 3.69 (s, OCH2), δ 3.61 (m, OCH2), 1.76 (m, CH2).  
11B{1H} NMR (d8-thf, 0 °C):  δ -12.9 and -13.7.  IR (cm
-1):  2434 s, 2392 s, 2205 s, 2173 s, 1366 
vs, 1290 vs, 1247 s, 1163 sh, 1137 vs, 1096 vs, 1062 sh, 1024 vs, 923 s, 856 s. 
 Crystallographic Studies.63  Single crystals were grown from toluene, 1, vapor diffusion 
of hexanes into thf, 2, thf, 3, were mounted on glass fibers with Paratone-N oil (Exxon) and 
immediately cooled to -75 °C in a cold nitrogen gas stream on the diffractometer.  Standard peak 
search and indexing procedures gave rough cell dimensions, and least squares refinement yielded 
the cell dimensions given in Table 2.1.  Data were collected with an area detector by using the 
measurement parameters listed in Table 2.1. The measured intensities were reduced to structure 
factor amplitudes and their estimated standard deviations (esd’s) by correction for background, 
and Lorentz and polarization effects.  No corrections for crystal decay were necessary. 
Systematically absent reflections were deleted and symmetry equivalent reflections were 
averaged to yield the set of unique data used in the least squares refinement. The structures of 1 
and 2 were solved using direct methods (SHELXTL).  Correct positions for the thorium atoms of 
1, and of the thorium and boron atoms of 2, were deduced from an E-map.  Correct positions for 
the two thorium atoms in 3 were deduced from a Patterson map (SHELXTL).  Subsequent least-
squares refinement and difference Fourier calculations revealed the positions of the remaining 
non-hydrogen atoms.  The analytical approximations to the scattering factors were used, and all 
structure factors were corrected for both real and imaginary components of anomalous 
dispersion.  Hydrogen atoms attached to carbon were placed in idealized positions;  the methyl 
groups were allowed to rotate about the C-C axis to find the best least-squares positions.  The 
displacement parameters for boranyl and methylene hydrogens were set equal to 1.2 times Ueq 
for the attached carbon;  those for methyl hydrogens were set to 1.5 times Ueq. Successful 
convergence was indicated by the maximum shift/error of 0.001 for the last cycle.  Final 
refinement parameters are given in Table 2.1. A final analysis of variance between observed and 
calculated structure factors showed no apparent errors.   
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[Li(OEt2)2][Th(BH4)5], 1.  The data crystal was non-merohedrically twinned, but data 
from only one twin component were used in the refinement. The systematic absences h0l (h + l ≠ 
2n) were consistent with the space groups Pn and P2/n.  The average values of the normalized 
structure factors suggested the non-centrosymmetric space group Pn, but this result was skewed 
by the presence of the thorium heavy atom; later evaluation showed that the actual space group is 
P2/n.  An empirical absorption correction was applied (multi-scan, TWINABS), the minimum 
and maximum transmission factors being 0.316 and 0.746.  The lithium atoms and diethyl ether 
molecules were disordered over two sites, each having a site occupancy factor of exactly 0.5.  
The quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2 + 
(0.035P)2 + 5.4P}-1 and P = (Fo
2 + 2Fc
2)/3.  In the final cycle of least squares, independent 
anisotropic displacement factors were refined for all the atoms except H and Li; mild restraints 
were applied to keep the displacement parameters of the light atoms from becoming too 
anisotropic.  The C-C and C-O distances within the disordered diethyl ether molecules were 
restrained to 1.54 ± 0.01 Å and 1.48 ± 0.01 Å, respectively, and the C-C-O and C-O-C angles 
were restrained to be approximately 109°.  Hydrogen atoms attached to boron were located in the 
difference maps, and their positions were refined subject to the restraints that the B-H distances 
were 1.15 ± 0.01 Å and the BH4 groups were tetrahedral. The bound Th-H distances were 
restrained to be similar within ca. 0.01 Å.  An isotropic extinction parameter was refined to a 
final value of x = 2.4(5) × 10-6 where Fc is multiplied by the factor k[1 + Fc
2
xλ3/sin2θ]-1/4 with k 
being the overall scale factor.  The largest peak in the final Fourier difference map (2.38 eÅ-3) 
was located 0.86 Å from Th1.   
[Li(thf)4][Th(BH4)5(thf)], 2.  The systematic absences 0k0 (k ≠ 2n) and h0l (l ≠ 2n) were 
uniquely consistent with the space group P21/c. A face-indexed absorption correction was 
applied, the minimum and maximum transmission factors being 0.171 and 0.288.  One carbon 
atom of a thf molecule, and two carbon atoms of another, both attached to lithium, showed some 
disorder.  The site occupancy factors (s.o.f.’s) for the major and minor components of these two 
molecules were constrained to add to 1; the major s.o.f. refined to 0.58(3) and 0.68(1), 
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respectively.    The quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where w 
= {[σ(Fo
2)]2 + (0.06P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  In the final cycle of least squares, independent 
anisotropic displacement factors were refined for the non-hydrogen atoms; the displacement 
factors for the disordered carbon atoms were restrained to be similar to one another.  Carbon-
carbon and carbon-oxygen distances within the thf molecules attached to lithium were 
constrained to 1.520 ± 0.001 and 1.470 ± 0.001 Å, respectively. Hydrogen atoms attached to 
boron atoms were located in the difference maps, and their positions were refined subject to the 
restraints that the B-H distances were 1.15 ± 0.01 Å and the H···H and bonded Th-H distances 
for each BH4 group were equal within 0.01 Å.  The largest peak in the final Fourier difference 
map (0.58 eÅ-3) was located 1.4 Å from atoms C43 and C44 and was suggestive a very small 
amount of disorder in this thf molecule.     
[Li(12-crown-4)2]2[Th(BH4)6]·thf, 3.  The data crystal was a non-merohedric twin and 
data from both twin components were used in the refinement;  the intensities of overlapping 
reflections were calculated from the equation I = xIa + (1-x)Ib, where x is a scale factor that 
relates the volumes of the twin components and Ia and Ib are the reflection intensities from the 
two twins.  The scale factor refined to a value of 0.5113(7).  The systematic absences 0k0 (k ≠ 
2n) were consistent with the space groups P21 and P21/m.  The average values of the normalized 
structure factors suggested the non-centrosymmetric space group P21, and this choice was 
confirmed by successful refinement of the proposed model.  An empirical absorption correction 
(multi-scan, TWINABS) was applied, the minimum and maximum transmission factors being 
0.406 and 0.745.  All eight lithium-bound 12-crown-4 molecules were disordered over two sites.  
The site occupancy factors for the two components, which were constrained to sum to one, were 
the same for all eight molecules:   the major site occupancy factor refined to 0.632(3).  The 
quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2 + 
(0.047P)2 + 8.6P}-1 and P = (Fo
2 + 2Fc
2)/3.  In the final cycle of least squares, isotropic 
displacement parameters were refined for the minor-occupancy carbon atoms of the disordered 
12-crown-4 molecules and the thf molecules of solvation; independent anisotropic displacement 
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factors were refined for all other non-hydrogen atoms, subject to the restraint that the 
displacement parameters of neighboring atoms were required to be similar.   All carbon-carbon 
and carbon-oxygen distances were restrained to 1.52 ± 0.02 and 1.48 ± 0.02 Å, respectively. 
Hydrogen atoms attached to boron were located in the difference maps, and were refined subject 
to the restraints that the B-H distances were 1.10 ± 0.01 Å, and the non-bonded H-H distances 
within each BH4 group were equal within 0.01 Å.  A small number of other distance restraints 
were applied where warranted.  The largest peak in the final Fourier difference map (2.17 eÅ-3) 
was located 0.95 Å from Th2.   
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Tables and Figures  
Table 2.1. Crystallographic data comparison for [Li(Et2O)2][Th(BH4)5], 1, 
[Li(thf)4][Th(BH4)5(thf)], 2, and [Li(12-crown-4)2]2[Th(BH4)6]·thf, 3, at 193 K. 
 
 1 2 3 
formula C8H40B5LiO2Th C20H58B5LiO5Th C36H96B6Li2O17Th 
FW (g mol-1) 461.43 671.69 1111.91 
λ (Å) 0.71073 0.71073 0.71073 
crystal system Monoclinic Monoclinic Monoclinic 
space group P2/n P21/c P21 
a (Å) 10.2039(2) 10.3122(13) 12.7802(8) 
b (Å) 5.9065(1) 15.943(2) 18.9551(11) 
c (Å) 17.9445(3) 20.708(3) 22.7324(13) 
β(deg) 98.760(1) 103.741(2) 92.1100(7) 
V (Å3) 1068.89(3) 3307.0(7) 5503.2(6) 
Z 2 4 4 
ρcalc (g cm
-3) 1.434 1.349 1.342 
µ (mm-1) 6.964 4.531 2.767 
R(int) 0.0538 0.1229 0.0000 
abs corr method Multi-scan Integration Multi-scan 
max., min. transm. 
factors 
0.746, 0.316 0.2882, 0.1710 0.745, 0.406 
data/restraints/params 2359 / 141 / 154 6002 / 254 / 378 20128 / 3807 / 1577 
GOF on F2 1.160 1.002 1.030 
R1 [I > 2σ(I)]
a 0.0351 0.0379 0.0459 
wR2 (all data)
b 0.0871 0.1111 0.1091 
max, min ∆ρelectron (e·Å
-
3) 
2.381, -2.196 0.579, -1.017 2.171, -1.469 
a
R1 = ∑ ||Fo| - |Fc|| / | ∑|Fo| for reflections with Fo
2 > 2 σ(Fo
2).  bwR2 = [∑w(Fo
2 - Fc
2)2 / ∑(Fo
2)2]1/2 
for all reflections. 
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Table 2.2. Selected Bond Distances and Angles for [Li(Et2O)2][Th(BH4)5], 1. 
 
Bond Distances (Å) 
Th(1)-B(1) 2.915(9) B(3)-Li(1) 2.77(5) 
Th(1)-B(1)b 2.991(9) B(3)-Li(1)c 2.83(5) 
Th(1)-B(2) 2.632(8) Th(1)-H(avg) 2.487 
Th(1)-B(3) 2.646(7)   
Bond Angles ( º ) 
Li(1)-B(3)-Li(1)c 71.1(18) B(1)b-Th(1)-B(3) 78.1(2) 
B(1)-Th(1)-B(1)b 180 B(2)-Th(1)-B(2)a 155.9(5) 
B(1)-Th(1)-B(2) 78.0(2) B(2)-Th(1)-B(3) 92.2(3) 
B(1)-Th(1)-B(3) 101.9(2) B(2)a-Th(1)-B(3) 92.8(3) 
B(1)b-Th(1)-B(2) 102.0(2) B(3)-Th(1)-B(3)a 156.1(4) 
Symmetry transformations used to generate equivalent atoms: a -x+1/2, y, -z+1/2;    b x, y-1, z;    c  
-x+1, -y, -z+1.      
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Table 2.3.  Selected Bond Distances and Angles for [Li(thf)4][Th(BH4)5(thf)], 2. 
 
Bond Distances (Å) 
Th(1)-O(1) 2.562(4) Th(1)-B(4) 2.658(6) 
Th(1)-B(1) 2.662(7) Th(1)-B(5) 2.645(7) 
Th(1)-B(2) 2.655(8) Th(1)-H(avg) 2.52 
Th(1)-B(3) 2.690(7)   
Bond Angles ( º ) 
O(1)-Th(1)-B(1) 179.2(2) B(1)-Th(1)-B(5) 97.8(3) 
O(1)-Th(1)-B(2) 86.3(2) B(2)-Th(1)-B(3) 88.5(3) 
O(1)-Th(1)-B(3) 82.4(3) B(2)-Th(1)-B(4) 169.3(3) 
O(1)-Th(1)-B(4) 83.2(2) B(2)-Th(1)-B(5) 90.6(3) 
O(1)-Th(1)-B(5) 82.9(2) B(3)-Th(1)-B(4) 87.9(2) 
B(1)-Th(1)-B(2) 93.9(3) B(3)-Th(1)-B(5) 165.3(3) 
B(1)-Th(1)-B(3) 96.9(3) B(4)-Th(1)-B(5) 90.3(3) 
B(1)-Th(1)-B(4) 96.5(3)   
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Table 2.4. Selected Bond Distances and Angles for [Li(12-crown-4)2]2[Th(BH4)6]·thf, 3. 
Bond Distances (Å) 
Th(1)-B(11) 2.898(8) Th(2)-B(21) 2.898(11) 
Th(1)-B(12) 2.975(12) Th(2)-B(22) 2.894(12) 
Th(1)-B(13) 2.673(10) Th(2)-B(23) 2.681(9) 
Th(1)-B(14) 2.656(11) Th(2)-B(24) 2.683(10) 
Th(1)-B(15) 2.683(13) Th(2)-B(25) 2.713(8) 
Th(1)-B(16) 2.662(12) Th(2)-B(26) 2.686(8) 
Th(1)-H (avg) 2.50 Th(2)-H (avg) 2.52 
B-H (avg) 1.10 B-H (avg) 1.10 
Bond Angles ( º ) 
B(11)-Th(1)-B(12) 178.8(3) B(21)-Th(2)-B(22) 177.9(4) 
B(11)-Th(1)-B(13) 81.1(3) B(21)-Th(2)-B(23) 79.8(4) 
B(11)-Th(1)-B(14) 99.3(4) B(21)-Th(2)-B(24) 100.3(4) 
B(11)-Th(1)-B(15) 80.2(4) B(21)-Th(2)-B(25) 80.6(4) 
B(11)-Th(1)-B(16) 99.8(4) B(21)-Th(2)-B(26) 100.7(4) 
B(12)-Th(1)-B(13) 98.2(4) B(22)-Th(2)-B(23) 101.5(5) 
B(12)-Th(1)-B(14) 79.7(4) B(22)-Th(2)-B(24) 78.1(5) 
B(12)-Th(1)-B(15) 100.5(4) B(22)-Th(2)-B(25) 98.1(4) 
B(12)-Th(1)-B(16) 81.2(4) B(22)-Th(2)-B(26) 81.0(4) 
B(13)-Th(1)-B(14) 92.5(4) B(23)-Th(2)-B(24) 92.4(5) 
B(13)-Th(1)-B(15) 161.1(4) B(23)-Th(2)-B(25) 160.3(4) 
B(13)-Th(1)-B(16) 90.1(4) B(23)-Th(2)-B(26) 91.7(4) 
B(14)-Th(1)-B(15) 93.0(4) B(24)-Th(2)-B(26) 159.0(5) 
B(14)-Th(1)-B(16) 160.9(4) B(24)-Th(2)-B(25) 93.5(4) 
B(15)-Th(1)-B(16) 90.7(5) B(25)-Th(2)-B(26) 89.4(3) 
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Figure 2.1.  A portion of the polymeric structure of [Li(Et2O)2][Th(BH4)5], 1.  Ellipsoids are 
drawn at the 30% probability level.  Hydrogen atoms attached to carbon have been removed for 
clarity. 
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Figure 2.2.  View of [Li(Et2O)2][Th(BH4)5] sheets illustrating the interaction of the lithium 
cations with the thorium borohydride chains.  Hydrogen and carbon atoms have been removed 
for claritiy. 
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Figure 2.3.  Molecular structure of the anion in [Li(thf)4][Th(BH4)5(thf)], 2.  Ellipsoids are 
drawn at the 30% probability level.  The Li(thf)4 cation and hydrogen atoms attached to carbon 
have been removed for clarity. 
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Figure 2.4.  Molecular structure of the anion in [Li(12-crown-4)2][Th(BH4)6]·thf, 3.  Ellipsoids 
are drawn at the 30% probability level.  The Li(12-crown-4)2 cation and the thf molecule of 
solvation have been removed for clarity. 
  
 
48
 
Figure 2.5.  Variable temperature 11B{1H} NMR spectrum of [Li(Et2O)2][Th(BH4)5], 1, in d8-thf.  
The spectra range from.  Not shown is a small peak at δ -30.3 due to B3H8
- that is present in all 
the spectra, and a peak at δ -41.1 due to LiBH4 in the –70 ºC spectrum that broadens and 
coalesces with the peaks shown above 10 ºC. 
Figure 2.6.  Variable temperature 11B{1H} NMR spectrum of [Li(12-crown-4)2][Th(BH4)6]·thf, 
3,  in d8-thf. 
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CHAPTER 3.  Synthesis and Characterization of Ether Adducts of Thorium Borohydride, 
Th(BH4)4, and Chemical Vapor Deposition of Thorium Boride Thin Films 
 
Introduction 
 The chemical vapor deposition (CVD) of metal,1-10 semiconductor,11-16 and ceramic17-27 
phases from organometallic and metal-organic precursors is an important technological process.  
CVD has long had important applications in the machine tool and plating industries, and is 
finding increasing use in the semiconductor industry.  Compared to physical deposition methods 
such as evaporation and sputtering, the metal-organic chemical vapor deposition (MOCVD) 
route has some very attractive advantages; these include low deposition temperature, high 
growth rate, ease of process control, and conformal coverage of irregular substrates.28-39  In 
addition, due to the low deposition temperatures characteristic of MOCVD methods, the 
preparation of new and metastable phases has often proved possible.40-51   
There has long been interest in the chemical vapor deposition of metal boride coatings 
owing to the highly attractive properties of these materials:  high hardness, high melting point, 
moderate strength, resistance to wear and corrosion, high chemical inertness, and excellent 
electrical conductivity.52-55 For example, HfB2 has a bulk hardness of 29 GPa, a melting point of 
3250 °C, and a bulk resisitivity of only 15 µΩ cm.  In general, metal diborides have considerable 
potential as diffusion barriers for copper interconnects, and as contact metal and gate electrode 
materials for Si MOSFETs.56-63   
Metal borides are known for most of the metals in the periodic table,64-73 and for the 
actinide element thorium there are three known boride phases ThB4, ThB6, and ThB12.
74-76  The 
tetraboride ThB4 crystallizes in a tetragonal lattice, it is isostructural with UB4.  Five coplanar 
thorium neighbors surround each thorium atom, and between the layers there are both trigonal 
prismatic and cubic holes.  Single boron atoms occupy the trigonal prismatic sites, and 
octahedral B6 units occupy the cubic sites. Boron-boron bonds link these sites together to form a 
three dimensional network in which pairs of B atoms bridge between the B6 units.
76-79  Like other 
  
 
54
known hexaborides, ThB6 adopts a cubic structure in which the boron atoms form a 3D network 
of vertex-linked B6 octahedra.
80  The dodecaboride ThB12, which is synthesized at high 
temperature and pressure, is isostructural with UB12.  The B12 groups form cuboctahedra which 
alternate with the thorium atoms in a NaCl-like structure.78,81,82  The physical properties of these 
phases are of interest:  ThB4 and ThB6 are both metallic with small electrical resistivities of 68 ± 
5 and 18 µΩ·cm, respectively.83  Notably, ThB6 becomes a superconductor at 0.74 K.
84   
We have shown that group 4 transition metal borohydrides are excellent precursors for 
metal boride films.35,85-91 The zirconium and hafnium compounds Zr(BH4)4 and Hf(BH4)4 are 
extremely volatile (vapor pressures similar to that of xylene!), and they serve as single-source 
precursors to ZrB2 and HfB2 at substrate temperatures as low as 190 °C.  Similarly, although 
Ti(BH4)4 is unknown and Ti(BH4)3 is too thermally unstable to serve as a convenient CVD 
precursor, we have shown that the 1,2-dimethoxyethane (dme) adduct Ti(BH4)3(dme) is stable at 
room temperature and reasonably volatile, and that this adduct is an excellent precursor for the 
growth of TiB2 films at similarly low temperatures.   
There are a few thorium compounds that could serve as CVD precursors to thorium 
boride thin films, but to date no such film deposition studies have been carried out.  Two of the 
most attractive of these are the binary borohydride complex Th(BH4)4, which was first described 
in 1949,92 and its methylborohydride analogue Th(BH3CH3)4, which was first reported in the 
1983.93  In addition, we have recently described a thorium complex bearing new type of 
modified borohydride ligand, the aminodiboranate complex Th(H3BNMe2BH3)4.
94  Heating this 
compound under vacuum results affords a sublimate, but we have shown that under these 
conditions Th(H3BNMe2BH3)4 readily converts to Th(H3BNMe2BH3)3(BH4) and 
Th(H3BNMe2BH3)2(BH4)2 with loss of the aminoborane (NMe2BH2)2.
94  In addition to these 
binary compounds, several Lewis base adducts of Th(BH4)4 have been reported to be volatile. 
For example, we have recently described the preparation, spectroscopic characterization, and 
crystal structures of three trialkylphosphine adducts of Th(BH4)4, which can be sublimed in 
vacuum.95   
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We report herein the synthesis of a series of new ether adducts of thorium 
tetraborohydride and their use as chemical vapor deposition precursors for thorium boride thin 
films.  The thorium boride films obtained have the approximate stoichiometry ThB2, which does 
not correspond to any known thorium boride phase. 
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Results and Discussion 
 Synthesis and Characterization of Th(BH4)4(L)2.  Nöth has reported that treatment of 
ThCl4 with LiBH4 in diethyl ether, followed by sublimation under vacuum at 130-150 ºC, yields 
Th(BH4)4.
96  We find that this procedure tends to give samples of Th(BH4)4 that retain 
substoichiometric amounts of diethyl ether.  If this sublimed material is recrystallized from 
diethylether, the diethyl ether adduct, Th(BH4)4(Et2O)2 (1) can be isolated.  Drying this material 
in vacuum results in loss of about half of the coordinated ether to form Th(BH4)4(Et2O)1.2 (1′).  
Similar dissolution of Th(BH4)4 in tetrahydrofuran (thf) or 1,2-dimethoxyethane (dme) followed 
by crystallization affords the analogous complexes Th(BH4)4(thf)2 (2) and Th(BH4)4(dme) (3).  
Compound 3 can also be synthesized by treatment of ThCl4 with LiBH4 in dme.  Subsequent 
drying or sublimation of the 2 and 3 can be conducted without loss of coordinated solvent.  
All three complexes show strong B-H stretching features in the IR spectrum:  they occur 
at 2516, 2279, and 2222 cm-1 for the Et2O complex 1′, at 2470, 2195, 2160 and 2125 cm
-1 for the 
thf adduct 2, and at 2472, 2210, and 2142 cm-1 for the dme compound 3.  For all three 
compounds, the frequencies and intensities of these bands suggest the presence of tridentate BH4
- 
groups:97-100 in particular, there is a single strong band at high frequency (2450-2600 cm-1) and a 
strong doublet at low frequency (2100-2200 cm-1) with a 50-80 cm-1 splitting.  Similar B-H 
stretching frequencies of 2530, 2270, 2200, and 2100 cm-1 were reported by Nöth for 
Th(BH4)4.
96  Other known κ3-Th(BH4)4 complexes also exhibit B-H stretching frequencies 
similar to those reported above for 1′, 2, and 3:  Th(BH4)4(PMe3)2 exhibits bands at 2496, 2333, 
2214, and 2137 cm-1 and Th(BH4)4(PEt3)2 has bands at 2465, 2335, and 2205 cm
-1.95  The 
tridentate bonding mode of the BH4
- groups has been corroborated by single crystal X-ray 
diffraction studies for 1 and 2 (see below). 
The 1H NMR spectrum of the diethyl ether complex 1′ shows a broad 1:1:1:1 quartet (JBH 
= 93 Hz) at δ 4.11 for the BH4
- groups, besides the characteristic and typical resonances for the 
diethyl ether ligands.  The 11B NMR spectrum is a quintet (JBH = 87 Hz) at δ –6.87.  Very similar 
shifts and coupling patterns are seen for the BH4 groups in the thf and dme analogues.  The 
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chemical shifts of the BH4
- resonance in the 11B NMR spectra of 1′, 2, and 3 are in agreement 
with those for other known κ3-Th(BH4)4 complexes.  For example, Nöth reported a 
11B chemical 
shift of at δ –8.0 for Th(BH4)4 in diethyl ether,
96 and we have found that the 11B chemical shifts 
of Th(BH4)4(PMe3)2 and Th(BH4)4(PEt3)2 in d
8-toluene are δ –4.6 and –3.1, respectively.95 
Crystal Structures of the Thorium Complexes.  Crystal data Th(BH4)4(Et2O)2, 1, and 
Th(BH4)4(thf)2, 2, are listed in Table 3.1, and selected bond distances and angles are given in 
Tables 3.2 and 3.3.  The diethyl ether complex 1 crystallizes in the Cmcm space group with one 
molecule in the asymmetric unit.  The molecules reside on sites of mm2 symmetry and are 
therefore disordered; nevertheless, the refinement was well behaved and the molecular structure 
is not in doubt.  If we regard the BH4
- groups as occupying one coordination site, then the overall 
coordination geometry is trans-octahedral (Figure 3.1).  The oxygen and thorium atoms reside on 
the crystallographic two-fold axis, so that the O-Th-O angle is exactly 180.0º.  The two 
crystallographically distinct Th-O distances of 2.492 (4) and 2.526(4) Å are similar to the Th-O 
distances seen in other thorium etherate complexes (see below).  
The four BH4
- groups form an equatorial girdle that shows a slight S4 ruffle, in which 
each boron atom lies ~0.36 Å out of the mean ThB4 plane.  The Th···B distances all lie within a 
small range, from 2.662(6) to 2.670(6) Å and are characteristic of κ3 BH4
- groups.  The hydrogen 
atoms surfaced in the difference maps, and their locations could be refined subject to light 
constraints.  The hydrogen locations confirm that all four BH4
- groups are κ3, with the average 
Th-H distance being 2.51 Å. One B-H bond in two mutually trans BH4
- groups eclipses the Th-
O1 bond, and one B-H bond in the other two BH4
- groups eclipses the Th-O2 bond, when viewed 
down the Th-B axes.  This eclipsing (and non-bonded H/O repulsion) is probably responsible for 
the displacement of the BH4
- groups out of the mean equatorial plane.  This arrangement also 
results in the BH4
- groups being ‘geared’ so that the eclipsing B-H bond points alternately up and 
down as one circumnavigates the periphery of the equatorial plane.  The total coordination 
number of the thorium atom in 1 is 14 (2 oxygen plus 12 hydrogen atoms).  This 14 vertex 
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polyhedron can be described as a distorted bicapped hexagonal antiprism, with the oxygen atoms 
occupying the two capping sites.  
The thf complex 2 crystallizes in the Pbcn space group with one independent molecule in 
the asymmetric unit.  Each molecule resides on a crystallographic two-fold axis that bisects 
several of the ligand-Th-ligand angles.  Just as for the diethyl ether complex, if the BH4
- groups 
are considered to occupy one coordination site, then 2 adopts a trans-octahedral structure (Figure 
3.2).  The O-Th-O angle of 179.24(19) is essentially linear and the average Th-O distance is 
2.471(5) Å.  
The four BH4
- groups in the thf complex 2 are arranged as they are in 1:  they form an 
equatorial girdle that shows a slight S4 ruffle, in which each boron atom lies ~0.39 Å out of the 
mean ThB4 plane. The Th···B distances of 2.645(8) and 2.657(7) Å are characteristic of κ
3 BH4
- 
groups.  The hydrogen atoms surfaced in the difference maps, and refinement confirmed that all 
four BH4
- groups are κ3 with an average Th-H distance of 2.44 Å.  The pattern of eclipsing of 
one B-H bond on each BH4
- group with one of the Th-O bonds is similar to that seen in 1.  The 
total coordination number of the thorium atom in 2 is again 14 (2 oxygen plus 12 hydrogen 
atoms), and the coordination polyhedron can also be described as a distorted bicapped hexagonal 
antiprism, with the oxygen atoms in the capping sites.   
We believe that compound 2 is isomorphous with its uranium analogue U(BH4)4(thf)2 
reported by Rietz et al. in 1978 and independently by Charpin et al. in 1987, even though the 
uranium compound was reported to crystallize in a different space group and a different unit cell 
than we find for 2.101,102  In the reports on the uranium compound, the space group was given as 
Pncm or Pmna, both of which are alternative settings of space group #53.  If the axes in the two 
structures are permuted to a common basis, both solutions can be recast in a third setting of this 
same space group:  Pbmn with a = 11.31, b = 10.44, and c = 7.13 Å.  The solutions found by the 
two groups are equivalent, and differ only in the structural model used for the lighter atoms.  In 
the earlier report, nearly every atom in the molecule was disordered over two sites with site 
occupancies of exactly 50%.  In the later paper, a disorder model was not used, and instead the 
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refined displacement parameters for the boron and carbon atoms were unusually large.   
We find that Th(BH4)4(thf)2, 2, crystallizes without disorder and with small displacement 
parameters in space group Pbcn with a = 11.3064(6), b = 10.2890(5), and c = 14.2771(8) Å.  
Significantly, the reported cell parameters for U(BH4)4(thf)2 are nearly identical to those of 2 
except that the c-axis of the permuted cell is almost exactly half that seen in the thorium 
compound.  The evidence strongly suggests that the unit cell chosen in both previous studies was 
too small and that the 7 Å axis should be doubled.  This hypothesis is supported by the 
arrangement of the molecules of 2 in our larger cell, in which a translation of ½ along the 14 Å c 
axis is an approximate but not exact symmetry operation for the crystal (Figure 3.3).  This 
pseudotranslation arises because the b coordinate of the Th atom, 0.4887(1), is very close to 0.5.  
The positions of the thorium atoms conform almost perfectly to this non-crystallographic 
translation; only the locations of the light boron, carbon, and oxygen atoms break the symmetry.  
As a result, the hkl reflections with l odd are very weak, and were most likely overlooked in the 
previous work, which was carried out before the advent of modern CCD detectors.  Halving the 
14 Å axis converts the c-glide (which is perpendicular to this axis) to a mirror.  
The Th-O distances in 1 and 2, which range from 2.471(5) to 2.526(4) Å, are on the short 
end of the range previously reported for other ether adducts of thorium:  2.59(1) Å in 
[Th(BH3CH3)4]2(Et2O),
103 2.535(4) Å in [Th(BH3CH3)4(thf)]2,
103 2.501(13) to 2.599(19) Å in 
ThBr4(thf)4,
104 and 2.564(8) to 2.582(8) Å in ThBr4(dioxane)2.
105  For comparison, Th-O 
distances of 2.40(2) to 2.54(2) Å have been reported for the acetylacetonate complex 
[Th(C5H7O2)4]2·C6H5NH2.
106 and 2.42 Å for the extended solid ThO2.
107  Published compendia 
of metal-ligand distances suggest that characteristic Th-O distances are 2.45 Å.108, 2.40 Å,109 and 
2.36-2.45 Å.110  
In 1 and 2, the four Th···B distances are diagnostic for the presence of tridentate BH4
- 
groups.  Known Th···B distances for other thorium complexes bearing κ3-BH4
- ligands are:  
2.61(3) Å in Th(BH4)[N(SiMe3)2]3,
111 2.48(2) to 2.60(2) Å in [Th(BH3CH3)4]2·Et2O,
103 2.61(8) 
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to 2.632(9) Å in [Th(BH3Me)4(thf)]2,
103 2.60(1) to 2.66(1) Å in Th(BH4)4(PEt3)2,
95 and 2.49(6) to 
2.71(7) Å in Th(BH3Me)4.
93
   
 Deposition of Thorium Boride Thin Films.  We have selected the diethyl ether and 
tetrahydrofuran adducts Th(BH4)4Lx (L = Et2O or thf) for further study as potential precursors to 
thorium boride phases.  Both precursors readily sublime at 60 °C and 10-4 Torr.  Under vacuum, 
Th(BH4)4(Et2O)1.2, 1′, tends to lose diethyl ether and convert to a less solvated (and less volatile) 
form.   
 Sublimation of the diethyl ether adduct 1′ from a reservoir maintained at 60 °C and 
passage of the resulting gas through a hot zone maintained at 200 °C and 10-4 Torr gave no 
deposits; the precursor passed unchanged through the hot zone and condensed on the cold 
surfaces farther downstream.  When the deposition was carried out at 350 °C and 10-4 Torr, 
however, bright reflective films were deposited at a growth rate under our conditions of ca. 0.12 
µm/hr.  The films were amorphous as judged by X-ray diffraction. 
 The Auger electron spectrum indicated that the film has a stoichiometry approximating to 
ThB2 (Figure 3.4), which does not correspond to any of the known thorium boride phases.
112,113  
Oxygen and carbon levels in the films were near the detection limits of the instrument (≤ 2 %).114  
X-ray photoelectron spectroscopy (XPS) gave the same thorium to boron ratio (Figure 3.5).  In 
the XPS spectrum, the B 1s binding energy of 187.7 eV (Figure 3.6) is consistent with those 
reported for other metal boride phases.115  This B 1s binding energy rules out the presence in the 
film of elemental boron and boron oxide; which have binding energies of 187.0 and 193.0, 
respectively.  The principal Th 4f7/2 peak appeared at 333.0 eV (Figure 3.6), which is consistent 
with the presence of a ThBx phase.
115  As is typical of metal diborides, however, this binding 
energy is also identical with that for thorium metal; reduction to zero-valent metal, however, is 
unlikely under our reaction conditions.  The Th 4f7/2 peak has a small shoulder at higher binding 
energy, 335.0 eV, that can be attributed to the presence of a small amount of thorium oxide in the 
film.115  In fact, the XPS spectrum contains an oxygen 1s peak consistent with an oxide 
contaminant.  This oxygen contamination may have originated from the precursor or, more 
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likely, from air oxidation that occurred when the films were transferred from the CVD growth 
chamber to the XPS instrument.   
 Sublimation of Th(BH4)4(thf)2, 2, and passage of the resulting gas through a hot zone 
maintained at 300 °C and 10-4 Torr resulted in the deposition of dark reflective films.  X-ray 
powder diffraction experiments showed that the resulting films are amorphous.  AES spectra 
indicated that the film stoichiometry is approximately ThB2.5, but that the resulting films are 
highly contaminated with oxygen (ca. 15 atomic % ).  This result suggests that tetrahydrofuran 
may be susceptible to ring opening reactions during the deposition process.  Such ring opening 
reactions of tetrahydrofuran have been well documented in the organometallic literature.116-118 
The 1,2-dimethoxyethane ligand has two attractive features:  it forms one of the more 
volatile coordination complexes of Th(BH4)4, and it is not susceptible to ring opening reactions 
(like tetrahydrofuran).  We will report our studies of the use of this compound as a CVD 
precursor separately.  
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Experimental Section
1
 
 All operations were carried out using Schlenk techniques in vacuum or under argon.  
Pentane, diethyl ether, 1,2-dimethoxyethane (dme), and tetrahydrofuran (thf) were distilled under 
nitrogen from sodium benzophenone immediately before use.  Anhydrous ThCl4 (Cerac) and 
LiBH4 (Strem) were used as received.   
 Elemental analyses were carried out by the University of Illinois Microanalytical 
Laboratory.  The IR spectra were recorded on a Perkin-Elmer 599B or Perkin-Elmer Spectrum 
One infrared spectrometer as Nujol mulls.  The 1H NMR data were obtained on a General 
Electric QE-300 spectrometer at 300 MHz or a General Electric GN-500 spectrometer at 500 
MHz.  The 11B NMR data were recorded on a GN-300 NB spectrometer at 96.25 MHz, or on a 
GN-500 spectrometer at 160.44 MHz.  Chemical shifts are reported in δ units (positive shifts to 
high frequency) relative to SiMe4 (
1H) or BF3·Et2O (
11B).  Melting points were recorded on a 
Thomas-Hoover Unimelt apparatus in closed capillaries under argon. 
Film thicknesses were measured by covering a portion of the substrate before deposition, 
removing the mask after deposition, and examining the step edge on a Dektak 3030 stylus 
profilometer.  The Auger electron spectra were recorded on a Perkin Elmer PHI-660 AES system 
with a beam energy of 3 kV and a beam current of ca. 5 µA cm-2.  The argon sputtering rates 
were calibrated with a Dektak 3030 stylus profilometer.  The scanning electron micrographs 
were obtained on a Zeiss 960 instrument and an ISI DS-130 instrument.  The X-ray 
photoelectron experiments were performed on a Perkin Elmer PHI-5400 ESCA system with a 15 
kV, 400 W Mg Kα source (1253.6 eV).  The spectrometer was calibrated with the Au 4f7/2 peak 
at 83.8 eV and the spectra were taken with a pass energy of 89.45 eV.  X-ray powder diffraction 
data were recorded on a Rigaku D-Max instrument using Cu Kα radiation with a power supply of 
40 kV and 20 mA. 
                                                 
1 Thin Film Deposition and Chracterization performed by Drs. Wenbin Lin and John E. Gozum.  Synthesis and 
Characterization of Th(BH4)4(dme) by Method B performed by Dr. John E. Gozum. 
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Repetition of öth’s procedure to prepare tetrakis(tetrahydroborato)thorium(IV). 
To ThCl4 (4.03 g, 10.8 mmol) and LiBH4 (1.25 g, 57.4 mmol) was added diethyl ether (150 mL) 
at room temperature.  The dull grey suspension was stirred for 24 h and then the solvent was 
removed in vacuum.  The residue was sublimed at 140 ˚C and 10-4 Torr to give white 
microcrystals.  Yield: 1.98 g (54 %).  Mp. 205 ˚C (dec).  Anal.  Calcd for Th(BH4)4(Et2O)0.29, 
C1.17H18.92B4O0.29Th:  C, 4.48; H, 6.09.  Found:  C, 4.42; H, 6.21.  
1H NMR (C7D8, 20 ˚C):  δ 
4.05 (br q, JBH = 82 Hz, BH4), 3.55 (q, JHH = 7 Hz, OCH2Me), 0.75 (t, JHH = 7 Hz, OCH2Me).  
11B NMR (C7D8, 20 ˚C):  δ -6.45 (quintet, JBH = 82 Hz).  IR (cm
-1):  2516 m, 2279 s, 2222 s, 
1466 m, 1387 m, 1377 m, 1319 w, 1176 s, 1104 m, 1006 m, 984 w, 876 w, 822 w, 793 vw, 757 
m, 722 vw.   
Tetrakis(tetrahydroborato)(diethylether)thorium(IV), 1′ and 1. To 
Th(BH4)4(Et2O)0.29 (0.4580 g, 1.46 mmol), prepared as described above, was added diethyl ether 
(25 mL).  The mixture was heated to ensure complete dissolution, and then was filtered.  The 
filtrate was concentrated under vacuum to ca. 5 mL and cooled to –78 °C to give colorless 
prisms of 1. The mother liquors were transferred away, and the prisms dried in vacuum at room 
temperature. Yield:  0.36 g (65 %).  Anal.  Calcd for Th(BH4)4(Et2O)1.22:  C4.88H28.2B4O1.22Th:  
C, 15.34; H, 7.44.  Found:  C, 15.4; H, 6.9.  1H NMR (C6D6, 20 ˚C):  δ 4.11 (br q, JBH = 93 Hz, 
BH4), 3.62 (m, OCH2), 0.79 (m, CH3).  
11B NMR (C6D6, 20 ˚C):  δ -6.87 (quintet, JBH = 87 Hz).  
IR (cm-1):  2511 vs, 2480 vs, 2340 sh, 2277 vs, 2221 vs, 2160 vs, 1319 w, 1282 vw, 1171 vs, 
1100 s, 1086 s, 1007 s, 985 s, 877 m, 822 w, 757 s.   Crystals of Th(BH4)4(Et2O)2, 1, suitable for 
the X-ray diffraction experiment were isolated from the mother liquor at –78 °C. 
 Tetrakis(tetrahydroborato)bis(tetrahydrofuran)thorium(IV), 2.  To 
Th(BH4)4(Et2O)0.29 (0.5 g, 1.60 mmol) was added tetrahydrofuran (25 mL).  The mixture was 
heated to 40 °C for 10 min to ensure complete dissolution, and then was filtered.  The filtrate 
was concentrated under vacuum to ca. 5 mL and cooled to –20 °C to give colorless prisms, 
which were isolated and dried in vacuum at room temperature. Yield:  0.19 g (27 %). Anal.  
Calcd for  C8H32B4O2Th:  C, 22.1; H, 7.4.  Found:  C, 22.0; H, 7.3.  
1H NMR (C6D6, 25 °C):  δ 
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4.07 (br q, JBH = 90 Hz, BH4), 3.80 (m, α-CH2), 0.94 (m, β-CH2).  
11B NMR (C6D6, 25 °C):  δ -
7.12 (quintet, JBH = 88 Hz).  IR (cm
-1):  2470 vs, 2365 w, 2302 w, 2235 w, 2195 m, 2160 m, 
2125 s, 1352 w, 1138 w, 1239 w, 1165 s, 1100 m, 1082 m, 1030 m, 991 m, 950 w, 918 w, 812 s, 
711 w, 663 w, 370 m. 
Tetrakis(tetrahydroborato)(1,2-dimethoxyethane)thorium(IV), 3.  Method A.  To 
Th(BH4)4(Et2O)0.29 (0.5 g, 1.60 mmol) was added 1,2-dimethoxyethane (10 mL).  The mixture 
was heated to 40 °C for 10 min to afford a colorless solution.  The mixture was filtered and the 
solvent was removed under vacuum.  The resulting solid was extracted with diethyl ether (50 
mL) and the resulting solution was filtered.  The filtrate was concentrated under vacuum to ca. 5 
mL and cooled to –20 °C to give colorless prisms.  Yield:  0.1 g (17 %). 
Method B.  To ThCl4 (2.00 g, 5.35 mmol) and lithium tetrahydroborate (0.48 g, 22.0 
mmol) was added 1,2-dimethoxyethane (80 mL).  A dull gray suspension formed immediately, 
and the mixture was stirred for 36 h.  The solvent was removed under vacuum, and the residue 
was sublimed at 125 °C and 10-4 Torr to give white microcrystals.  Yield:  0.52 g (25 %).  Anal.  
Calcd for C4H26B4O2Th:  C, 12.6; H, 6.9.  Found:  C, 12.8; H, 6.9.  
1H NMR (C7D8, 25 °C):  δ 
3.85 (br q, JBH = 87 Hz, BH4), 3.02 (s, OCH2), 2.78 (s, OMe).  
11B NMR (C7D8, 25 °C):  δ -8.50 
(q, JBH = 87 Hz).  IR (cm
-1):  2472 m, 2300 vw sh, 2210 m, 2142 m, 1455 m, 1370 m, 1280 vw, 
1255 vw, 1240 vw, 1200 vw sh, 1165 w sh, 1155 m, 1090 m, 1070 w, 1012 m, 875 w, 840 m, 
800 w, 710 w.  
Crystallographic Studies.
119  Single crystals, grown either from diethyl ether (1 and 3) 
or from tetrahydrofuran (2), were mounted on glass fibers with Paratone oil (Exxon) and 
immediately cooled to -80 °C in a cold nitrogen gas stream on the diffractometer.  Standard peak 
search and indexing procedures, followed by least-square refinement yielded the cell dimensions 
given in Table 3.1.  The measured intensities were reduced to structure factor amplitudes and 
their estimated standard deviations (esd’s) by correction for background, and Lorentz and 
polarization effects. Corrections for crystal decay were unnecessary.  Systematically absent 
reflections were deleted and symmetry equivalent reflections were averaged to yield the set of 
  
 
65
unique data.  Except where noted, all unique data were used in the least squares refinement.  The 
analytical approximations to the scattering factors were used, and all structure factors were 
corrected for both real and imaginary components of anomalous dispersion.  Least-squares 
refinement and difference Fourier calculations were used to locate atoms not found in the initial 
solution.  Hydrogen atoms attached to carbon were placed in idealized positions; hydrogen atoms 
attached to boron surfaced in the difference maps and were refined with light restraints.  In the 
final cycle of least squares, independent anisotropic displacement factors were refined for the 
non-hydrogen atoms.  The displacement parameters for methylene and boranyl hydrogens were 
set equal to 1.2 Ueq and methyl hydrogens were set equal to 1.5 times Ueq for the attached atom, 
respectively.  Successful convergence was indicated by the maximum shift/error of <0.001 for 
the last cycle.  Final refinement parameters are given in Table 3.1.  Aspects of the refinement 
unique to each structure are reported below.   
Th(BH4)4(Et2O)2, 1.  The systematic absences hkl (h+k ≠ 2n) and h0l (l ≠ 2n) were 
consistent with the space groups Cmc21, Cmcm, and Ama2.  The space group Cmcm was chosen, 
and this choice was confirmed by successful refinement of the proposed model.  A face-indexed 
absorption correction was applied, the minimum and maximum transmission factors being 0.076 
and 0.510.  One reflection (222) was a statistical outlier and was omitted; the remaining 1058 
unique data were used in the least squares refinement.  
The structure was solved using direct methods (SHELXTL).  Correct positions for all 
atoms were deduced from an E-map and subsequent least-squares refinement and difference 
Fourier calculations.  The molecule resides on a site of mm2 symmetry, and as a result all atoms 
except the Th and O atoms were disordered over two sites with 50% site occupancy factors.  The 
quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2 + 
(0.01P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The hydrogens on the boron atoms were apparent in the 
difference maps, and their positions were refined subject to the constraints B-H distance were 
1.10 ± 0.01 Å, the BH4 groups were roughly tetrahedral, and chemically equivalent Th-H 
distance were equal within an esd of 0.02 Å.  The largest peak in the final Fourier difference map 
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(0.94 eÅ-3) was located 0.94 Å from Th(1).  A final analysis of variance between observed and 
calculated structure factors showed that the “most disagreeable” reflections were all weak with 
Fo > Fc, but no twinning model could be devised.   
Attempts to refine the structure in lower symmetry space groups such a Cmc21 or C2221 
still showed the same disorder.  A solution with a reasonably low R-factor could be found in 
space group Ama2, but this solution could be recognized as false by the B-Th-B angles, which 
were nonsensical.  Due to the somewhat unusual 50% disorder over all of the light atoms, the 
diffraction record was reinspected, but there was no evidence of a superlattice.  
Th(BH4)4(thf)2, 2.  The diffraction record had orthorhombic symmetry with strong 
indications of C-and I-centering.  Although molecules of the proper stoichiometry could be 
identified in several C-centered space groups, the interligand angles were nonsensical.  
Eventually, a solution was found by direct methods (SHELXTL) in P
–
1 in which the Th atoms do 
not reside on the inversion centers.  The remaining non-hydrogen atoms could be located, taking 
care to hand-select them from among the multiple ghosts located around each Th center.  The 
symmetry properties of this solution corresponded to the primitive space group Pbcn, and this is 
in fact the correct choice.  The quantity minimized by the least-squares program was Σw(Fo
2 - 
Fc
2)2, where w ={[σ(Fo
2)]2 + 8.4P)-1 and P = (Fo
2 + 2Fc
2)/3.  The B-H bond distances were 
constrained to be 1.1 ± 0.01 Å, and each BH4 group was constrained to near-tetrahedral 
geometry.  An isotropic extinction parameter was refined to a final value of x = 1.8(2) × 10-6 
where Fc is multiplied by the factor k[1 + Fc
2
xλ3/sin2θ]-1/4 with k being the overall scale factor.  
The largest peak in the final Fourier difference map (1.88 e Å-3) was located 0.91 Å from Th(1).  
A final analysis of variance between observed and calculated structure factors showed that the 
“most disagreeable” reflections were all weak with Fo > Fc, but no twinning model could be 
devised.  The y-coordinate for the Th atom of 0.489 (i.e., close to ½) and the nearly ideal (but 
false) inversion symmetry of the ligand set account for the observed C-centered 
pseudosymmetry.   
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Th(BH4)4(dme), 3.  Crystals of 3 appear to have orthorhombic metric symmetry with cell 
parameters of 8.6134(5), 11.4462(7), and 14.1180(9) Å with all reflections corresponding to F-
centering being systematically weak.  A badly disordered model could be devised in the space 
group Cmma (with the 14 Å axis being unique).  
 Chemical Vapor Deposition of Thorium Boride Thin Films.  The CVD apparatus we 
employed has been described elsewhere.25  The precursor reservoir was maintained at a 
temperature above ambient (typically, 60 °C), the hot zone was maintained at the desired 
temperature (200-350 °C), and the base pressure in the apparatus was 10-4 Torr.  Depositions 
were carried out over 8 h;  over this period, opaque silver-black films were deposited on the 
substrates.   
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Tables and Figures  
Table 3.1.  Crystallographic data for Th(BH4)4(Et2O)2 (1) and Th(BH4)4(thf)2 (2) at 193 K. 
 
 1 2 
formula ThB4C8H36O2 ThB4C8H34O2 
FW (g mol-1) 439.65 435.62 
λ (Å) 0.71073 0.71073 
crystal system orthorhombic orthorhomibc 
space group Cmcm Pbcn 
a (Å) 10.944(3) 11.3064(6) 
b (Å) 12.158(3) 10.2890(5) 
c (Å) 14.034(3) 14.2771(8) 
V (Å3) 1867.3(8) 1660.88(15) 
Z 4 4 
ρcalc (g cm
-3) 1.564 1.742 
µ (mm-1) 7.970 8.960 
R(int) 0.0709 0.2068 
abs corr method integration integration 
max., min. transm. factors 0.510, 0.076 0.229, 0.064 
data / restraints / params 1058 / 44 / 93 1854 / 39 / 94 
GOF on F2 1.074 1.124 
R1 [I > 2σ(I)]
a 0.0138 0.0286 
wR2 (all data)
b 0.0321 0.0950 
max, min ∆ρelectron (e·Å
-3) 0.939, -0.560 1.884, -1.328 
a  R1 = ∑ ||Fo| - |Fc|| / ∑ |Fo| for reflections with Fo
2 > 2 σ(Fo
2). 
b  wR2 = [∑w(Fo
2 - Fc
2)2 / ∑(Fo
2)2]1/2 for all reflections. 
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Table 3.2.  Selected bond distance and angles for Th(BH4)4(Et2O)2 (1).
a 
 
Bond Length (Å) 
Th(1)-O(2) 2.492(4) Th(1)-H(23) 2.520(15) 
Th(1)-O(1) 2.526(4) B(1)-H(11) 1.109(10) 
Th(1)-B(1) 2.662(6) B(1)-H(12) 1.102(10) 
Th(1)-B(2) 2.670(6) B(1)-H(13) 1.107(10) 
Th(1)-H(11) 2.513(15) B(1)-H(14) 1.091(10) 
Th(1)-H(12) 2.497(15) B(2)-H(21) 1.104(10) 
Th(1)-H(13) 2.508(15) B(2)-H(22) 1.097(10) 
Th(1)-H(21) 2.515(15) B(2)-H(23) 1.111(10) 
Th(1)-H(22) 2.506(15) B(2)-H(24) 1.090(10) 
    
Bond Angles (deg) 
O(1)-Th(1)-O(2) 180.0 B(1)-Th(1)-B(2) 91.1(2) 
O(1)-Th(1)-B(1) 97.56(16) B(1)-Th(1)-B(1)′ 164.9(3) 
O(1)-Th(1)-B(2) 81.88(16) B(1)-Th(1)-B(2)′ 91.0(2) 
O(2)-Th(1)-B(1) 82.44(16) B(2)-Th(1)-B(2)′ 163.8(3) 
O(2)-Th(1)-B(2) 98.12(16)   
a  Primed atoms related to unprimed atoms by the transformation  –x + 1, y, –z + ½ .     
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Table 3.3.  Selected bond distance and angles for Th(BH4)4(thf)2 (2).
a 
 
Bond Length (Å) 
Th(1)-B(1) 2.645(8) B(1)-H(11) 1.098(10) 
Th(1)-B(2) 2.657(7) B(1)-H(12) 1.098(10) 
Th(1)-O(1) 2.471(5) B(1)-H(13) 1.102(10) 
Th(1)-H(11) 2.38(6) B(1)-H(14) 1.097(7) 
Th(1)-H(12) 2.43(6) B(2)-H(21) 1.096(10) 
Th(1)-H(13) 2.48(6) B(2)-H(22) 1.102(10) 
Th(1)-H(21) 2.43(5) B(2)-H(23) 1.093(10) 
Th(1)-H(22) 2.46 6) B(2)-H(24) 1.098(9) 
Th(1)-H(23) 2.48 (5)   
Bond Angles (deg) 
O(1)-Th(1)-O(1)′ 179.24(19) B(1)–Th(1)–B(1)′ 90.8(4) 
O(1)-Th(1)-B(1) 82.3(2) B(1)–Th(1)–B(2) 91.6(3) 
O(1)-Th(1)-B(1)′ 98.3(2) B(1)–Th(1)–B(2)′ 162.9(3) 
O(1)-Th(1)-B(2) 98.8(2) B(2)–Th(1)–B(2)′ 91.1(4) 
O(1)-Th(1)-B(2)′ 80.7(2)   
a  Primed atoms related to the unprimed atoms by the transformation -x+1, y, -z+ ½. 
 
 
  
 
71
  
 
Figure 3.1. Molecular structure of Th(BH4)4(Et2O)2 (1).  Ellipsoids are drawn at the 30% 
probability level, except for hydrogen atoms, which are shown as arbitrarily sized 
spheres. The disordering of the atoms due to the crystallographic mirror symmetry 
is not shown.  
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Figure 3.2. Molecular structure of Th(BH4)4(thf)2 (2).  Ellipsoids are drawn at the 30% 
probability level, except for hydrogen atoms, which are shown as arbitrarily sized 
spheres. 
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Figure 3.3. Crystal structure of Th(BH4)4(thf)2 viewed down the crystallographic a axis.  The 
left and right halves of the cell are nearly but not exactly identical.   
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Figure 3.4. Auger electron spectrum of the thorium boride film deposited from 
Th(BH4)4(Et2O)x, 1′, at 350 °C and 10
-4 Torr. 
 
 
Figure 3.5. X-ray photoelectron survey spectrum of the thorium boride film deposited from 
Th(BH4)4(Et2O)x, 1′, at 350 °C and 10
-4 Torr. 
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Figure 3.6. X-ray photoelectron spectra of the thorium boride film deposited from 
Th(BH4)4(Et2O)x, 1′, at 350 °C and 10
-4 Torr. (top) B 1s region; (bottom) Th 4f7/2 
region. 
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CHAPTER 4.  Synthesis and Characterization of Calcium ,-Dimethylaminodiboranates  
as Possible Chemical Vapor Deposition Precursors  
 
Introduction 
The heavier alkaline earth metals in group 2 of the periodic table (Ca, Sr, and Ba) are key 
components of high temperature superconductors,1-7 ferroelectric materials,8-13 non-linear optical 
materials,14-19 and colossal magnetoresistive thin films.20-28  Many of these applications require 
that the material be fabricated in the form of a thin film, and in general thin films of metal oxides 
are widely used in microelectronic devices, such as next-generation computer memories, 
microprocessors, infrared detectors, optical wave-guides, and electro-optic storage.29  Of the 
various ways to deposit thin films, particularly attractive are metal organic chemical vapor 
deposition (MOCVD) and atomic layer deposition (ALD) are being increasingly investigated, 
because they offer the potential for large area growth and the advantages of good composition 
control, high film uniformity, and excellent conformal step coverage on non-planar device 
geometries.30  But both MOCVD and ALD depend on the availability of volatile metal-
containing precursors.     
Unfortunately, for calcium (as well as its heavier congeners Sr and Ba) suitably volatile 
precursors are scarce.3,31,32   Owing to the relatively large radii and relatively small charges of the 
heavier group 2 ions, only certain special kinds of ligand sets are able to saturate the 
coordination sphere and prevent the formation of oligomeric (and thus high molecular weight) 
species in the solid state.  Therefore, many CVD precursors of these elements employ bulky or 
chelating anions able to saturate the coordination sphere and prevent oligomerization; other CVD 
precursors contain electrically neutral Lewis bases to achieve the same effect.  Both the anions 
and the Lewis bases must be chosen with some care: they must be sufficiently robust so that the 
metal complex can be sublimed intact, but must be reactive enough to be released from the 
growth surface so as to avoid the incorporation of undesired heteroatoms into the deposited film. 
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The most widely investigated CVD precursors for the deposition of oxide materials 
containing the heavier group 2 metals are β-diketonate complexes.3,32-39  Even so, these 
complexes often are less than perfect as CVD precursors:  many are poorly volatile, are 
insufficiently thermally stable, or afford films with undesirable contaminants.  For example, 
most β-diketonate complexes of the heavier group 2 elements have vapor pressures of less than 1 
Torr at >200 ºC,32 which leads to slow film deposition rates.  These issues are also often 
encountered with other types of ligands sets,40-42 except for the cyclopentadienyl calcium 
compounds (also called calcocenes).  For example, decamethylcalcocene sublimes at 75 ºC at 
low pressure;32,43 it and related compounds show some promise as precursors in thin film 
depositions.41 
 In summary, among the small number of calcium compounds that sublime without 
decomposition are as follows, with the sublimation conditions given in parentheses:  Ca(C5Me5)2 
(75 ºC, 10-4 Torr),44 Ca(LNMe2)2 (90 ºC, 0.05 Torr),
45 Ca(hfac)2 (140 ºC, 10
-3 Torr),46,47 
Ca[HB(pz)3]2 (160 ºC, 10
-2 Torr),48 Ca(tdfnd)2(H2O) (160 ºC, 40 Torr),
49 and Ca(tfac)2 (195 ºC, 
10-3 Torr),46 where LNMe2 = 2,4-pentanedione bis(2,2-dimethylhydrazone) anion, hfac = 
1,1,1,5,5,5-hexafluoropentanedionate, pz = pyrazolyl, tdfnd = 1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetra-
decafluoro-4,6-nonanedionate, and tfac = 1,1,1-trifluoropentanedionate. 
In view of the results above, the synthesis of new classes of volatile alkaline earth 
compounds is a topic of interest, but one that presents significant challenges.  We have 
previously shown that magnesium and yttrium complexes of the chelating borohydride ligand 
,-dimethylaminodiboranate (H3BNMe2BH3
-) are excellent CVD and ALD precursors for the 
deposition of oxide thin films, with H2O as a co-reactant.
50,51  Here we report the synthesis and 
characterization of a new class of calcium compounds bearing the ,-dimethylaminodiboranate 
anion.  Some of these compounds are sufficiently volatile to make them potentially useful as 
precursors for the deposition of calcium containing thin films. 
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Results and Discussion 
Synthesis of Ca(H3BMe2BH3)2 and its adducts with Lewis bases.  The reaction of 
CaBr2 with two equiv. of sodium ,-dimethylaminodiboranate, Na(H3BNMe2BH3) in Et2O at 0 
ºC gives a white suspension that turns grey as the mixture is allowed to warm to room 
temperature.  Concentration and cooling of the mother liquor to –20 ºC affords colorless crystals, 
which were isolated and dried in vacuum for 15 min at 20 ºC.  The material isolated in this way 
is the solvent-free compound Ca(H3BNMe2BH3)2, 1.  This compound is insoluble in non-
coordinating solvents. 
CaBr2  +  2 Na(H3BNMe2BH3)   ―→  Ca(H3BNMe2BH3)2  +  2 NaBr 
    1 
As we will show below, before they are dried in vacuum the colorless crystals obtained from the 
above reaction consist of the diethyl ether adduct Ca(H3BNMe2BH3)2(Et2O)2, 2.  If the reaction 
of CaBr2 with two equiv of Na(H3BNMe2BH3) is carried out in the more strongly coordinating 
solvent thf rather than diethyl ether, the thf solvate Ca(H3BNMe2BH3)2(thf)2, 3, is obtained.  The 
thf molecules in this molecule are not readily removed when the crystals are exposed to vacuum 
at room temperature (although desolvation does occur at higher temperatures; see below). 
CaBr2  +  2 Na(H3BNMe2BH3)  +  2 L  ―→  Ca(H3BNMe2BH3)2(L)2  +  2 NaBr 
                   2, L = Et2O 
                            3, L = thf 
The synthesis of complexes with other coordinated Lewis bases can be achieved by treating the 
thf adduct 3 with one equivalent of the desired Lewis base.  Thus, treating 3 with 1,2-
dimethoxyethane (dme), bis(2-methoxyethyl) ether (diglyme), or ,,′,′-tetramethyl-
ethylenediamine (tmeda) in thf affords the new compounds Ca(H3BNMe2BH3)2(dme), 4, 
Ca(H3BNMe2BH3)2(diglyme), 5, and Ca(H3BNMe2BH3)2(tmeda), 6, respectively, in greater than 
60% yields.  
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Ca(H3BNMe2BH3)2(thf)2  +  L  ―→  Ca(H3BNMe2BH3)2(L)  +  2 thf 
           4, L = dme 
                             5, L = diglyme 
                        6, L = tmed 
 The dme compound 4 can be also obtained by treatment of calcium metal with ,-
dimethylamine-borane in refluxing dme. This procedure may be advantageous for CVD 
applications because the presence of halide, even in trace amounts, can be avoided.   
Ca + 4 NMe2H·BH3  +  dme  ―→  Ca(H3BNMe2BH3)2(dme)  +  2 NMe2H  +  H2 
 4 
 The treatment of 3 with two equiv. of the crown ether 12-crown-4 in thf and subsequent 
recrystallization from hot thf yields a compound that subsequent studies show is a charge-
separated salt, [Ca(12-crown-4)2][H3BNMe2BH3]2, 7.  In this system, the 12-crown-4 molecule 
preferentially coordinates to calcium in a 2:1 ratio:  if one equiv. of 12-crown-4 is added to 3, the 
same product, 7, is obtained but in smaller yield. 
Ca(H3BNMe2BH3)2(thf)2  +  2 (12-crown-4)  ―→  [Ca(12-crown-4)2][H3BNMe2BH3]2  +  2 thf 
                              7 
Structural data for the new Ca(H3BMe2BH3)2Lx compounds.  Crystal data for all the 
new compounds are listed in Table 4.1, and selected bond distances and angles for them are 
given in Tables 4.2-4.7.  Molecules of Ca(H3BNMe2BH3)2(Et2O)2, 2, and 
Ca(H3BNMe2BH3)2(thf)2, 3, occupy general positions within their respective unit cells.  The four 
boron atoms and two oxygen atoms in the Ca coordination sphere describe a distorted octahedron 
for both 2 (Figure 4.1) and 3 (Figure 4.2).  Trigonal prisms and octahedra can be distinguished in 
the following way:  trigonal prisms have six large interligand angles of ca. 120-145º (the 
diagonals of the square faces), whereas octahedra have three large interligand angles of ca. 180º 
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(between mutually trans ligands).  Both 2 and 3 possess three large angles greater than 120º, 
although owing to the small bite angles of the chelating DMADB ligands the angles deviate 
significantly from 180º.   
The O-Ca-O angle between the coordinated ether molecules is 83.08(9)º in 2 and 
82.27(4)º in 3.  The average Ca-O distance of 2.39 Å to Et2O and 2.36 Å to thf.  Of the four 
Ca···B distances, two are shorter and two are longer, with the difference being ca. 0.06 Å.  
Specifically, each DMADB ligand exhibits in one short Ca···B distance of 2.780(4)-2.790(2) Å 
and one long Ca···B distance of 2.835(2)-2.851(4) Å.  The hydrogen atoms were found in the 
difference maps, and their locations could be refined subject to light restraints; the average Ca-H 
distance in both 2 and 3 is 2.40 Å.  The total coordination number of the calcium centers in 2 and 
3 is 10 (2 oxygens plus 8 hydrogen atoms). 
 Molecules of the dme adduct 4 reside in general positions with two independent 
molecules in the asymmetric unit. The two independent molecules, however, are nearly identical; 
where only one metric parameter is given below, it will be for molecule one. The four boron 
atoms and two oxygen atoms in the coordination sphere of the calcium atom describe a highly 
distorted octahedron (Figure 4.3).   
The O-Ca-O angle of the dme ligand of 69.87(9)º is ca. 13º smaller than those in 2 and 3, 
due to the chelating nature of the ligand.  The Ca-O distance of 2.376(2) Å, however, is identical 
to that seen in for the Et2O and thf analogues.  As seen for 2 and 3, each independent DMADB 
ligand has one shorter Ca···B distance of 2.767(5)-2.771(5) Å and one longer Ca···B distance of 
2.797(5)-2.799(5) Å but the difference is only ca. 0.03 instead of 0.06 Å.  The smaller difference 
suggests that the asymmetry in the binding of the DMADB ligands in these calcium complexes 
increases as the steric angle occupied by the coordinated Lewis bases increases:  because of its 
chelating nature, a single dme ligand is less sterically demanding than two Et2O or two thf 
molecules.   The average Ca-H distance in 4 is 2.34 Å, and the total coordination number is 10 (2 
oxygens plus 8 hydrogen atoms). 
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Molecules of the diglyme compound 5 lie on a mirror plane that bisects the diglyme 
molecule and that contains calcium atom and the two DMADB ligands.  The four boron atoms of 
the two DMADB ligands and the three oxygen atoms of the diglyme molecule describe a 
distorted pentagonal bipyramidal geometry about the Ca center (Figure 4.4), with the terminal 
oxygen atoms of the diglyme ligand occupying the two axial sites.  The Ca-O distance to the 
central oxygen atom is 2.393(2) Å and those to the outer oxygen atoms are slightly longer at 
2.437(2) Å.  The O-Ca-O angles between the central and outer oxygens of the diglyme ligand are 
both 67.53(4)º. The two DMADB ligands, which occupy two cis positions within the equatorial 
girdle of the pentagonal bipyramid, are bound asymmetrically so that, of the four Ca···B 
distances per molecule, two are short and two are long.  Each independent DMADB ligand forms 
one short Ca···B distance of 2.794(5)-2.836(6) Å and one long Ca···B distance of 2.953(5)-
2.976(5) Å, with the latter being to the boron atoms that are closer to the diglyme ligand. Here, 
the difference of ca. 0.15 Å is much greater than the differences seen in 2-4, and this finding 
again suggests that the asymmetrical binding is a result of steric effects, here owing to the greater 
coordination number of the Ca center in 5.  The average Ca-H distance in 5 is 2.44 Å, and the 
total coordination number is 11 (3 oxygens plus 8 hydrogen atoms). 
Molecules of the tmeda compound 6 reside in general positions.  The four boron atoms 
and the two nitrogen atoms of the tmeda ligand describe a highly distorted octahedron about the 
Ca center (Figure 4.5).  The N-Ca-N angle of the tmeda ligand is 72.70(6)º, and the average Ca-
N distance is 2.57 Å.  As seen in the compounds above, each DMADB ligand has one short 
Ca···B distance of 2.762(3)-2.773(3) Å and one long Ca···B distance of 2.812(2)-2.843(3) Å. 
Here, the ca. 0.06 Å difference suggests that tmeda is more sterically demanding than two Et2O 
or thf molecules or a single dme ligand, but is less demanding than a single tridentate diglyme 
molecule; this ordering is consistent with trends seen in other chemical systems.  The average 
Ca-H distance is 2.39 Å.  The total coordination number of 6 is 10 (2 nitrogens plus 8 hydrogen 
atoms). 
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 The two 12-crown-4 ligands in 7 encapsulate the calcium atom and the DMADB anions 
are completely charge separated (Figure 4.6).  The Ca-O distances lie within a small range of 
2.382(1) to 2.441(1) Å. The total coordination number of the Ca center in 7 is 8 (8 oxygens 
atoms). 
Comparison of structural properties. Compounds 2-6 all possess chelating κ2-
BH3NMe2BH3-κ
2 groups, in which two hydrogen atoms on each boron center are bound to 
calcium.  Compound 7 is unique within this series as the only ionic compound, in that the Ca 
atom is completely encapsulated by 12-crown-4 and the DMADB anions are charge-separated 
counterions within the unit cell.  All of the Ca···B bond distances for 2-6 lie within the range 
2.762(3)-2.976(5) Å; these distances are consistent with Ca···B bond distances seen for other 
calcium borohydride ligands that are bound in a κ2 fashion.  Known Ca···B distances are:  
Ca[HC(κ2-BH3PPh2)2]2(thf) 2.754(3)-2.908(4) Å,
52 Ca[κ2-BH3PMe2C(SiMe3)2]2(thf)4 2.751(2) 
Å,53 Ca[HC(PPh2κ
2-BH3)2]2(thf) 2.815(4) -2.908(4) Å,
54 [Ca[C(PPh2κ
2-BH3)2]2(thf)]2 2.725(4) -
2.785(4) Å,54 Ca(κ3-BH3CH3)2(dme)2 2.617(3) Å,
55 Ca(κ3-BH4)2(dme)2 2.65 Å,
56 [Ca(κ3-
BH4)(thf)5][BPh4] 2.610(4) Å,
57 and [Ca(Tpm)(κ3-BH4)(thf)2][BPh4] 2.580(2) Å.
57 In addition, 
there are some calculated values for Ca···B bond distances: Ca(κ2-BH4)2 2.69 Å and Ca(κ
3-BH4)2 
2.49 Å.58 
The chelating DMADB ligands in the new calcium compounds exhibit B-Ca-B angles of 
55.1 (2), 55.3 (3), 56.0 (4), 53.2 (5), and 55.8 (6) that can be compared with those of the other 
known DMADB complexes.  Other known B-M-B angles for various metal DMADB 
compounds are:  Th4+ 50.8º,59 U3+  52.9º,60,61 Y3+  53.4,62 (La3+,Nd3+, Sm3+, Eu3+, Gd3+, Dy3+, and 
Er3+) 52.9,62 Eu2+ 50.3,63 Yb2+ 55.2,63 Ti2+ 63.7,64 Cr2+ 64.1,64 Mo2+ 64.2,64 Mn2+ 65.4,64 Mg2+ 
60.77,65 Sr2+ 53.566 Ba2+ 46.9.67  These values show that the B-M-B angle of the DMADB ligand 
decreases as the ionic radius of the metal center increases.  
Compound 2 has an average Ca···O distance of 2.39 Å.  Known Ca···O bond distances 
for calcium diethyl ether adducts are:  Ca(NacNac)[N(SiMe3)2](OEt2) 2.384(2) Å,
68 
[Ca[OC(Mes)=CH]
.
(HMDS)
.
(Et2O)]2 2.471(4) Å,
69 [(Et2O)CaPh2]4[(Et2O)CaO] 2.420(3)-
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2.501(3) Å,70 Ca(NacNac)I(Et2O) 2.378(2) Å,
71 and Ca[C(N(SiMe3)2)(N(Cy))]2(Et2O) 2.424(3) 
Å.72 
Compound 3 has an average Ca···O distance of 2.36 Å.  Known Ca···O bond distances 
for calcium tetrahydrofuran adducts are:  Ca[HC(BH3PPh2)2]2(thf) 2.359(2) Å,
52 
[Ca(BH4)(thf)5][BPh4] 2.355(2)-2.419(2)Å,
57 [Ca(Tpm)(BH4)(thf)2][BPh4] 2.364(1)-2.378(1) 
Å,57 Ca[BH3PMe2C(SiMe3)2]2(thf)4 2.372(1)-2.417(1) Å,
53 Ca[HC(PPh2BH3)2]2(thf) 2.361(2) 
Å,54 [Ca[C(PPh2BH3)2]2(thf)]2 2.379(2) Å,
54 CaI2(thf)2(diglyme) 2.445(3)-2.402(2),
73 
Ca(Ph2pz)2(thf)4 2.460(2) – 2.502(2) Å,
74 and CaI2(thf)(dme)2 2.384(2) Å.
75  
Compound 4 has an average Ca···O distance of 2.38 Å and an O-Ca-O angle of 69.34º.  
Known Ca···O bond distances and O-Ca-O angles for calcium 1,2-dimethoxyethane adducts are:  
Ca(BH3Me)2(dme)2 2.416(2)-2.463(2) Å and 65.67(7)º,
55 Ca(BH4)2(dme)2 2.415(3)-2.465(2) Å 
and 66.6º,56 Ca(Ph2pz)2(dme)2 2.447(2)-2.507(2) Å and 67.0º,
74 and CaI2(thf)(dme)2 2.462(2)- 
2.509(2) Å and 67.42(6)º.75  
Compound 5 has an average Ca···O distance of 2.42 Å and average O-Ca-O angle 
between the central and outer oxygen atoms of the diglyme ligand of 67.53º.  Known Ca···O 
bond distance and O-Ca-O angles for calcium diglyme adducts are reported in the literature as:  
CaI2(thf)2(diglyme), 2.447(3)-2.515(3) Å and 66.24º,
73 Ca(PFTB)2(diglyme)2 2.469(2)-2.511(2) 
Å and 65.39(8)-68.28(8)º,76 and Cp2Ca(diglyme) 2.444(1)-2.514(1) Å and 65.1º.
77  
Compound 6 has an average Ca···N distance of 2.57 Å and average N-Ca-N angle of 
72.70º.  Known Ca···N bond distance and N-Ca-N angles for calcium tmeda adducts are:  
Ca(tBu2pz)2(tmeda) 2.535(3) Å and 70.3(2)º,
78 [p-tBu-calix[4](OC5H9)2(O)2Ca(tmeda)] 
2.580(4)-2.600(4) Å and 67.51(11)º,79 [(tmeda)Ca(Ph)(µ-Ph)]2 2.571(2)-2.610(2) Å and 
70.50(6)º,80 CaI2(tmeda)2 2.562(5)-2.570(5) Å and 75.5(2)º,
73 and Ca(Ph)I(tmeda)2 2.590(5)-
2.575(5) Å and 74.0(2)º.81 
Compound 7 has an average Ca···O distance of 2.41 Å.  Known Ca···O bond distances 
for calcium 12-crown-4 adducts are:  [Ca(ClO4)(12-crown-4)(H2O)3][ClO4] 2.461(4)-2.510(4) 
Å,82 [Ca(NO3)(12-crown-4)(H2O)3][NO3] 2.51(2)-2.55(2) Å,
82 [Ca(12-crown-4)(H2O)4][Na(12-
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crown-4)2][I]3 2.496(6)-2.540(7) Å,
82 Ca(12-crown-4)Cl2·8H2O 2.380(2)-2.540(2) Å,
83 and 
Ca(12-crown-4)(SCN)2·2H2O 2.71(2) Å.
84 
Spectroscopic properties. The IR spectrum of the desolvated compound 
Ca(H3BNMe2BH3)2, 1, exhibits bands between 2500 and 2000 cm
-1 that are characteristic of B-H 
stretches:  one very strong peak at 2257 cm-1 and weaker, higher-frequency bands at 2352 (m), 
2400 (m), and 2426 (w) cm-1.  The bands below ca. 2300 cm-1 correspond to bridging B-H-Ca 
stretches, whereas the bands at higher frequencies are due to terminal B-H stretches.  In the 
fingerprint region (800-1300 cm-1) are C-N stretches and B-H bridge deformations due to the 
DMADB ligand.  The frequencies of these bands are very similar to the C-O stretching bands 
that are characteristic of the presence of diethyl ether,85,86 but the absence of diethyl ether in 7 is 
clear from the 1H NMR spectrum.  The latter lacks resonances due to Et2O but contains a singlet 
at δ 2.05 for the NMe2 protons of the ,-dimethylaminodiboranate (DMADB) ligand, and a 
1:1:1:1 quartet at δ 1.35 for the BH3 groups. The coupling constant to the 
11B nucleus (I = 3/2) is 
92 Hz.  The 11B NMR spectrum of the desolvated compound 1 consists of a resonance at δ –8.64 
that appears as a 1:3:3:1 quartet due to the same coupling of the 11B nucleus to three protons.   
For the various ether solvates of Ca(H3BNMe2BH3)2 described above, the BH stretching 
bands in the IR spectra, and the NMR chemical shifts and coupling patterns for the DMADB 
protons, are generally similar to those seen in the spectra of the desolvated material, but there are 
some differences.  Instead of a single strong B-H stretch at 2257 cm-1 and weaker peaks at higher 
frequency, as seen for the desolvated material 1, the adducts in which two donor atoms 
coordinate to the Ca center (3, 4, and 6) have a very strong band between 2224-2240 cm-1 as well 
as strong bands in the higher frequency region centered around 2375 cm-1.  The stronger bands in 
the higher frequency region suggest that more of the B-H bonds are terminal in the Lewis base 
adducts, and that the Lewis bases displace bridging B-H-Ca interactions in the desolvated 
material 1, which is presumably polymeric.  For the diglyme compound 5, in which three donor 
atoms coordinate to Ca, the strong low-frequency band is at 2261 cm-1 but the bands at higher 
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frequency (especially the one at 2318 cm-1) are even stronger. These results are consistent with 
the spectra seen for other known DMADB complexes.50,59-61,63,65     
The pattern of bands in the IR spectrum of the 12-crown-4 complex 7 is rather different 
from that seen in the spectra of 3-6, as might be expected from the presence of non-coordinating 
DMADB anions in the solid-state structure of 7 but not the other compounds.   There are two 
intense but broad peaks at 2209 and 2307 cm-1 as well as a shoulder at 2155 cm-1 and a medium 
intensity peak at 2062 cm-1.  At present, there are two other structurally characterized compounds 
that contain charge-separated DMADB anions, and the IR spectra of these compounds in the B-
H stretching region are similar to that of 7.  The compound [Na(12-crown-4)2][DMADB] has a 
strong broad peak at 2196 cm-1, a strong broad pair of bands centered at 2285 cm-1, with a 
shoulder at 2154 cm-1 and a medium intensity peak at 2054 cm-1.66  The compound [Ba(15-
crown-5)2][DMADB]2 exhibits a medium intensity peak at 2203 cm
-1, strong broad bands 
centered at 2307 cm-1, with a shoulder at 2173 cm-1 and a weak peak at 2057 cm-1.67 
The 1H NMR spectra of 1 and 7 were acquired in d6-DMSO due the low solubilities of 
these compounds in non-coordinating solvents, whereas spectra of 3-6 were acquired in d6-
benzene. In d8-DMSO, the chemical shifts of the NMe2 protons in 1 and 7 of δ 2.05 and 2.09, 
respectively, agree with those measured for other with known DMADB compounds in the same 
solvent: Ba(DMADB)2(tmeda) δ 2.09,
67 and [Ba(15-crown-5)2][DMADB]2 δ 2.10.
67  In contrast, 
in d6-benzene the chemical shifts of the NMe2 resonances of 3-6 all lie between δ 2.46 and 2.58, 
or about 0.4 ppm downfield of the shifts seen in d6-DMSO.  These chemical shift differences 
suggest that in DMSO the DMADB groups are free ions, whereas in benzene they are 
coordinated to calcium. The NMe2 chemical shifts seen for 3-6 are in agreement with those 
observed in other DMADB complexes of divalent metal ions in d6-benzene or d8-toluene:  
Yb(DMADB)2(thf)2 δ 2.45,
63 Yb(DMADB)2(dme) δ 2.50,
63 Mg(DMADB)2(thf)2 δ 2.33,
65 and 
Mg(DMADB)2(dme) δ 2.48,
65   
The 1H NMR spectra for 3-6 in d6-benzene also contain a 1:1:1:1 quartet between δ 2.08 
and 2.14 due to the BH3 groups of the DMADB ligands; for all four compounds the coupling 
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constant to the 11B nucleus (I = 3/2) is between 90 and 92 Hz.  The 
1H NMR chemical shifts for 
the BH3 groups are also affected by the choice of NMR solvent: 1 and 7 in d6-DMSO have 
chemical shifts at δ 1.35 and δ 1.39, respectively. It is difficult to compare these shifts with those 
of other divalent metal DMADB compounds due to the large influence of the nature of the metal 
center on the chemical shift.   
The 11B NMR spectra of all the new compounds consist of a binomial quartet with the 
same 90-92 Hz coupling constant at chemical shifts between δ –8.43 and δ –8.91.  Interestingly, 
the 11B NMR chemical shifts are not significantly influenced by the choice of NMR solvent or 
the nature of the Ca-DMADB interaction, as is true for the 1H NMR shifts.  The 11B NMR 
chemical shifts, however, do show some dependence on the nature of the metal center.  For 
example, the shifts for the new compounds are all downfield relative to that of the starting 
material, NaDMADB (δ –11.11).    
Volatility studies.  The volatilities of the new calcium compounds were investigated to 
determine the potential utility of these compounds as CVD precursors.   When heated, the base 
free and thf adducts 1 and 3 melt with decomposition at 195 and 117 ºC, respectively, and neither 
sublimes under reduced pressure (1 Torr) at temperatures up to 150 ºC.  These findings are 
consistent with the expectation that these unidentate Lewis bases readily dissociate from the Ca 
centers.  In contrast, the dme, diglyme, and tmeda compounds 4, 5, and 6 melt at 94, 139, and 
133 ºC, respectively, and the resulting liquids are thermally stable (i.e., no gas evolution occurs) 
up to 150 ºC.  These compounds bearing multidentate Lewis bases sublime readily under reduced 
pressure (1 Torr) at 90 ºC (4) and 120 ºC (5, 6).  The 12-crown-4 compound 7 does not melt up 
to 240 ºC and does not sublime under reduced pressure (1 Torr) up to 150 ºC; these properties are 
consistent with the salt-like nature of this compound in the solid state.   
 
Conclusions 
The results presented in this paper reveal that the combination of the chelating ,-
dimethylaminodiboranate (DMADB) ligand and an appropriate Lewis base yield volatile calcium 
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complexes. The Lewis bases diethyl ether and tetrahydrofuran coordinate to the calcium centers 
relatively weakly, and these ligands dissociate upon attempted sublimation in vacuum.  The 
crown ether 12-crown-4 binds very strongly, so much so that two coordinate to each Ca center, 
and the DMADB groups become charge-separated counterions. Not surprisingly, this latter 
complex is completely non-volatile. Remarkably, however, complexes Ca(H3BNMe2BH3)2-
(dme), Ca(H3BNMe2BH3)2(diglyme), and Ca(H3BNMe2BH3)2(tmeda) have volatilities that 
compare favorably with those of the most volatile calcium compounds known.  The dme 
complex, which is the most volatile of the three, sublimes at 90 ºC and 1 Torr.   
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Experimental Section 
All manipulations were carried out under argon or in vacuum using standard Schlenck 
and cannula techniques.  Pentane, tetrahydrofuran, 1,2-dimethoxyethane (dme), and diethyl ether 
were distilled from sodium/benzophenone before use.  Bis(2-methoxyethyl) ether (diglyme) and 
,,′,′-tetramethylethylenediamine (tmeda) were distilled from sodium.  1,4,7,10-tetraoxa-
cyclododecane (12-crown-4; Aldrich) and CaBr2 (99.5%; Strem) were used as received. Sodium 
,-dimethylaminodiboranate was synthesized by the literature procedure.87  Elemental analyses 
were carried out by the University of Illinois Microanalytical Laboratory.  The IR spectra were 
recorded on a Nicolet Impact 410 infrared spectrometer as Nujol mulls between KBr plates. The 
NMR data were collected on a General Electric GN300WB instrument at 7.00 T (11B), a Varian 
Unity 400 instrument at 9.4 T (1H and11B), or a Varian Unity-500 spectrometer at 11.75 T (1H).  
Chemical shifts are reported in δ units (positive shifts to high frequency) relative to SiMe4 (1H) 
or BF3·Et2O (11B).  Melting points were determined in closed capillaries under argon on a 
Thomas-Hoover Unimelt apparatus. 
 Bis(,-dimethylaminodiboranato)calcium Ca(BH3Me2BH3)2, 1, and bis(,-
dimethylaminodiboranato)bis(diethyl ether)calcium Ca(BH3Me2BH3)2(Et2O)2, 2.  To 
anhydrous CaBr2 (2.00 g, 10.00 mmol) was added a solution of sodium ,-
dimethylaminodiboranate (1.90 g, 20.0 mmol) in diethyl ether (100 mL).  The resulting 
suspension was stirred for 18 h, during which time the color of the mixture changed from white 
to gray.  The suspension was filtered, and the filtrate was concentrated under vacuum to ca. 20 
mL and cooled to –20 °C.  After 24 h, the small colorless prisms were collected. The as-isolated 
crystals consist of the diethyl ether adduct Ca(BH3NMe2BH3)2(Et2O)2, 2, but drying under 
vacuum at 25 °C for 15 min yields the unsolvated compound 1.  Yield: 1.21 g (66 %).  Mp. 195 
°C (dec).  Anal. Calc for C4H24N2B4Ca:  C, 26.2; H, 13.18; N, 15.3; B, 23.6; Ca, 21.8.  Found: C, 
26.3; H, 13.3; N, 15.6; B, 21.8; Ca, 20.8.  1H NMR (d6-dmso, 20 °C):  δ 2.05 (s, NMe2), 1.35 
(1:1:1:1 q, JBH = 91.9 Hz, BH3).  
11B NMR (d6-dmso, 20 °C):  δ -8.64 (q, JBH = 91.6 Hz).  IR 
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(cm-1): 2426 w, 2400 m, 2352 m, 2257 vs, 1283 m, 1269 m, 1242 m, 1216 w, 1183 s, 1174 s, 
1152 vs, 1043 m, 1032 s, 963 w, 929 w, 908 w, 825 w.  
 Bis(,-dimethylaminodiboranato)bis(tetrahydrofuran)calcium, Ca(BH3Me2BH3)2-
(thf)2, 3.  To anhydrous CaBr2 (327 mg, 1.63 mmol) was added a solution of sodium ,-
dimethylaminodiboranate (310 mg, 3.27 mmol) in tetrahydrofuran (20 mL).  The resulting 
suspension was stirred for 15 h, during which time the color of the mixture changed from white 
to gray.  The solvent was removed under vacuum and the resulting solid was extracted with hot 
heptane (50 mL).  The hot extracts were filtered, the solvent was removed under vacuum, and the 
residue dissolved in tetrahydrofuran (50 mL). The resulting solution was filtered, concentrated to 
ca. 10 mL and cooled to –20 °C to afford colorless blocks.  Yield:  0.315 g (59 %)  Mp. 117-120 
°C (dec).  Anal. Calc for C12H40N2B4O2Ca:  C, 44.0; H, 12.3; N, 8.55; B, 13.2; Ca, 12.2.  Found: 
C, 43. 6; H, 12.7; N, 8.50; B, 13.4; Ca, 12.4.  1H NMR (C6D6, 20 °C):  δ 2.48 (s, NMe2), 2.14 
(1:1:1:1 q, JBH = 90.0 Hz, BH3), 3.55 (m, OCH2), 1.17 (m, CH2).  
11B NMR (C6D6, 20 °C):  δ -
8.79 (q, JBH = 90.0 Hz).  IR (cm
-1): 2379 s, 2355 vs, 2303 s, 2235 vs, 1264 m, 1235 m, 1213 m, 
1180 vs, 1149 vs, 1027 s, 929 m, 907 m, 877 m, 803 w. 
 Bis(,-dimethylaminodiboranato)(1,2-dimethoxyethane)calcium, 
Ca(BH3Me2BH3)2(dme), 4.  Method A.  To Ca(BH3NMe2BH3)2(thf)2 (300 mg, 0.915 mmol) 
in tetrahydrofuran (50 mL) was added 1,2-dimethoxyethane (1.0 mL, 9.63 mmol) and the 
solution  was stirred for 2 h.  The solvent was removed under vacuum and the residue was 
sublimed at 80 ºC onto a water-cooled cold finger.  After 24 h, the small colorless prisms were 
collected. Yield: 250 mg (61 %).  Mp. 93-95 °C.  Anal. Calc for C8H34N2O2B4Ca:  C, 35.1; H, 
12.5; N, 10.2; B, 15.8; Ca, 14.6.  Found: C, 36.2; H, 13.2; N, 9.62; B, 16.4; Ca, 14.8.  1H NMR 
(C6D6, 20 °C):  δ 2.47 (s, NMe2), 2.08 (broad 1:1:1:1 q, JBH = 94 Hz, BH3), 2.73 (s, OCH2), 2.89 
(s, OMe).  11B NMR (C6D6, 20 °C):  δ -8.43 (q, JBH = 91.6 Hz).  IR (cm
-1): 2398 sh, 2307 s, 2231 
s, 2080 w, 1265 m, 1233 m, 1213 m, 1179 s, 1151 s, 1104 m, 1058 s, 1019 s, 928 m, 906 w, 862 
m, 830 w, 804 m. 
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 Method B.  To calcium metal (10.0 g, 250 mmol) was added a solution of ,-
dimethylamine-borane (750 mg, 12.7 mmol) in 1,2-dimethoxyethane (100 mL).  The reaction 
mixture was heated to reflux for 18 h, cooled to room temperature, and then filtered.  The solvent 
was removed under vacuum and the resulting solid was sublimed at 90 ºC onto a water-cooled 
cold finger.  After 18 h, the small colorless prisms were collected. Yield: 345 mg (40 %).   
 Bis(,-dimethylaminodiboranato)[bis(2-methoxyethyl)ether]calcium, 
Ca(BH3Me2BH3)2(diglyme), 5.  To a solution of Ca(BH3NMe2BH3)2(thf)2 (300 mg, 0.915 
mmol) in tetrahydrofuran (50 mL) was added bis(2-methoxyethyl) ether (0.15 mL, 1.05 mmol).  
The mixture was stirred for 12 h, and then the solvent was removed under vacuum.  The residue 
was extracted with hot heptane (50 mL), and the heptane extract was filtered and cooled to –20 
°C.  After 24 h, the small colorless plates were collected. Yield: 246 mg (85 %).  Mp. 139 °C.  
Anal. Calc for C10H38N2O3B4Ca:  C, 37.8; H, 12.1; N, 8.8; B, 13.6; Ca, 12.6.  Found: C, 37.8; H, 
12.6; N, 8.8; B, 13.9; Ca, 12.7.  1H NMR (C6D6, 20 °C):  δ 2.58 (s, NMe2), 2.14 (broad 1:1:1:1 q, 
JBH = 92 Hz, BH3), 1.93 (m, OCH2), 2.78 (m, OCH2), 3.23 (s, OMe).  
11B NMR (C6D6, 20 °C):  δ 
-8.9 (q, JBH = 91.8 Hz).  IR (cm
-1):  2372 s, 2355 s, 2318 vs, 2300 s, 2261 s, 2222 sh, 2072 w, 
1270 m, 1236 m, 1211 m, 1176 s, 1151 s, 1120 m, 1093 s, 1061 s, 1011 s, 928 m, 906 m, 873 m, 
836 w, 826 w 808 w.  
 Bis(,-dimethylaminodiboranato)(,,′,′-tetramethylethylenediamine)calcium, 
Ca[BH3Me2BH3]2(tmeda), 6. To a solution of Ca(BH3NMe2BH3)2(thf)2 (300 mg, 0.915 mmol) 
in tetrahydrofuran (50 mL) was added ,,′,′-tetramethylethylenediamine (0.15 mL, 0.98 
mmol).  The mixture was stirred for 12 h, and then the solvent was removed under vacuum.  The 
residue was extracted with hot heptane (50 mL), and the extracts were filtered and cooled to –20 
°C.  After 24 h, the small colorless prisms were collected. Yield: 210 mg, (77 %).  Mp. 133 °C.  
Anal. Calc for C10H40N4B4Ca:  C, 40.1; H, 13.5; N, 18.7; B, 14.4; Ca, 13.3.  Found: C, 39.9; H, 
13.8; N, 18.7; B, 14.3; Ca, 13.2.  1H NMR (C6D6, 20 °C):  δ 1.68 (s, NCH2), 1.93 (s, NMe2), 2.46 
(s, NMe2).  The 
1H NMR resonance for the BH3 group in 6 is obscured by the resonances due to 
the tmeda ligand.   11B NMR (C6D6, 20 °C):  δ -8.88 (q, JBH = 89.5 Hz).  IR (cm
-1): 2417 sh, 
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2388 s, 2378 s, 2300 s, 2238 vs, 2076 w, 1285 m, 1268 m, 1232 m, 1210 m, 1178 s, 1148 s, 1122 
w, 1070 vw, 1022 s, 949 m, 931 m, 906 w, 804 w, 790 m, 771 w. 
 Bis(1,4,7,10-tetraoxacyclododecane)calcium ,-Dimethylaminodiboranate,  [Ca-
(12-crown-4)2][BH3Me2BH3]2, 7. To a solution of Ca(BH3NMe2BH3)2(thf)2 (300 mg, 0.915 
mmol) in tetrahydrofuran (50 mL) was added 1,4,7,10-tetraoxacyclododecane (0.30 mL, 1.83 
mmol).  The solution was stirred for 12 h, and the resulting cloudy solution was heated to 65 ºC 
and filtered while hot. The filtrate was cooled to –20 °C to afford colorless blocks.  The residue 
from the hot filtration was extracted with hot thf (20 mL); filtration and cooling of this extract 
affords an additional crop of crystals.  The as-isolated crystals contain two equivalents of thf per 
formula unit (see below), but drying under vacuum at 25 °C yields the thf free compound.  Yield: 
118 mg (24%).  Mp. >240 °C.  Anal. Calc for C20H56N2O8B4Ca:  C, 44.8; H, 10.5; N, 5.2; B, 8.1; 
Ca, 7.5.  Found: C, 44.8; H, 11.0; N, 5.3; B, 7.9; Ca, 7.4.  1H NMR (d6-dmso, 20 °C):  δ 3.54 (s, 
OCH2), 2.09 (s, NMe2), 1.39 (1:1:1:1 q, JBH = 91.0 Hz, BH3).  
11B NMR (d6-dmso, 20 °C):  δ -
8.63 (q, JBH = 91.6 Hz).  IR (cm
-1): 2344 vs, 2271 vs, 2222 vs, 2169 vs, 2062 m, 1300 s, 1286 
s,.1243 s, 1178 sh, 1151 s, 1130 m, 1074 vs, 1010 s, 923 s, 854 s, 782 m.      
 Crystallographic Studies.88   Single crystals of 2 and 3 were grown from diethyl ether, 4 
was grown by sublimation, 5 and 6 were grown from hot heptane, and 7 was grown from thf. All 
crystals were mounted on glass fibers with Paratone-N oil (Exxon) and immediately cooled to 
-75 °C in a cold nitrogen gas stream on the diffractometer.  Standard peak search and indexing 
procedures gave rough cell dimensions, and least squares refinement yielded the cell dimensions 
given in Table 4.1.  The measured intensities were reduced to structure factor amplitudes and 
their estimated standard deviations (e.s.d.’s) by correction for background, and Lorentz and 
polarization effects.  No corrections for crystal decay were necessary, but a face-indexed 
absorption correction was applied.  Systematically absent reflections were deleted and symmetry 
equivalent reflections were averaged to yield the set of unique data.  Except where noted all 
unique data were used in the least squares refinement.  
 The structure was solved using direct methods (SHELXTL).  Correct positions for all the 
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non-hydrogen atoms were deduced from an E-map and subsequent least-squares refinement and 
difference Fourier calculations.  The analytical approximations to the scattering factors were 
used, and all structure factors were corrected for both the real and imaginary components of 
anomalous dispersion.  In the final cycle of least squares, independent anisotropic displacement 
factors were refined for the non-hydrogen atoms.  Hydrogen atoms attached to the boron atoms 
were located in the difference maps, and their positions were refined with independent isotropic 
displacement parameters, unless otherwise noted.  Chemically equivalent B-H distances were 
restrained to be equal within an e.s.d. of 0.01 Å.  Methyl and methylene hydrogens atoms were 
placed in idealized positions with C-H equal to 0.98 and 0.99 Å, respectively; methyl groups 
were allowed to rotate about the relevant C-X axes to find the best least-squares positions.  The 
displacement parameters for methylene hydrogens were set equal to 1.2 times Ueq for the 
attached carbon;  those for methyl hydrogens were set to 1.5 times Ueq. Unless otherwise noted, 
no correction for isotropic extinction was necessary.  Successful convergence was indicated by 
the maximum shift/error of 0.001 or less for the last cycle.  A final analysis of variance between 
observed and calculated structure factors showed no apparent errors.  Final refinement 
parameters are given in Table 4.1.  Aspects of the refinement unique to each structure are 
reported below. 
 Ca(BH3Me2BH3)2(Et2O)2, 2.  The monoclinic lattice and the systematic absences hkl 
(h + k ≠ 2n) were consistent with the space groups C2, Cm, and C2/m; the non-centrosymmetric 
choice C2 was suggested by the average value of the normalized structure factors and confirmed 
by successful refinement of the proposed model.  A face-indexed absorption correction was 
applied, the minimum and maximum transmission factors being 0.915 and 0.951.  All 2162 
unique data were used in the least squares refinement.  The quantity minimized by the least-
squares program was Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2 + (0.064P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  
Analysis of the diffraction intensities suggested slight inversion twinning; therefore, the 
intensities were calculated from the equation I = xIa + (1-x)Ib, where x is a scale factor that relates 
the volumes of the inversion-related twin components.  The twin scale factor refined to a value 
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of 0.61(4).  The largest peak in the final Fourier difference map (0.26 eÅ-3) was located 1.04 Å 
from Ca1.   
 Ca(BH3Me2BH3)2(thf)2, 3.  The trigonal lattice and the systematic absences 00l (l ≠ 
3n) were consistent with the space groups P31, P32, P3221, P3221, P3112, and P3212.  The space 
group P3221 was chosen, and this choice was confirmed by successful refinement of the 
proposed model.  A face-indexed absorption correction was applied, the minimum and maximum 
transmission factors being 0.909 and 0.928.  All 4850 unique data were used in the least squares 
refinement.  Carbon atoms C10, C11, and C12 of the tetrahydrofuran ligand were each 
disordered over two positions.  The C-C distances to C13 were restrained to be 1.52 ± 0.01 Å, 
the site occupation factors for the two components were constrained to sum to unity, and the 
major site occupancy factor refined to 0.51(1).  The quantity minimized by the least-squares 
program was Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2 + (0.0537P)2 + 0.0359P}-1 and P = (Fo
2 + 
2Fc
2)/3.  Analysis of the diffraction intensities suggested slight twinning (Fo
2 > Fc
2 for the many 
of the “most disagreeable” reflections) but no suitable twin law could be discovered.  The Flack 
parameter refined to 0.00(2), which showed that the model chosen was the correct enantiomorph.  
The largest peak in the final Fourier difference map (0.49 eÅ-3) was located 0.97 Å from C23.   
 Ca(BH3Me2BH3)2(dme), 4.  The triclinic lattice and the average values of the 
normalized structure factors suggested the space group P1¯, which was confirmed by the success 
of the subsequent refinement.  A face-indexed absorption correction was applied, the minimum 
and maximum transmission factors being 0.942 and 0.970.  All 28755 unique data were used in 
the least squares refinement. The quantity minimized by the least-squares program was Σw(Fo
2 - 
Fc
2)2, where w = {[σ(Fo
2)]2 + (0.61971P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The Ca1-H31 and Ca1-H32 
distances were restrained to be equal within an e.s.d. of 0.01 Å.  An isotropic extinction 
parameter was refined to a final value of x = 6.754 × 10-3 where Fc is multiplied by the factor k[1 
+ Fc
2
xλ3/sin2θ]-1/4 with k being the overall scale factor.  The largest peak in the final Fourier 
difference map (0.30 eÅ-3) was located 1.11 Å from O2.   
 Ca(BH3Me2BH3)2(diglyme), 5.  The orthorhombic lattice and the systematic absences 
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0kl (k + l ≠ 2n) and hk0 (h ≠ 2n) were consistent with the space groups Pnma  and Pna21.  The 
average values of the normalized structure factors suggested the centrosymmetric space group 
Pnma, and this choice was confirmed by successful refinement of the proposed model. A face-
indexed absorption correction was applied, the minimum and maximum transmission factors 
being 0.948 and 0.985.  All 2426 unique data were used in the least squares refinement.  The 
quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2 + 
(0.0136P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The largest peak in the final Fourier difference map (0.20 
eÅ-3) was located 0.61 Å from O2 
 Ca[BH3Me2BH3]2(tmeda), 6.  The monoclinic lattice and the systematic absences h0l  
(h + l ≠ 2n) and 0k0 (l ≠ 2n) were consistent with the space group P21/n, and this choice was 
confirmed by successful refinement of the proposed model. A face-indexed absorption correction 
was applied, the minimum and maximum transmission factors being 0.935 and 0.958.  All 4583 
unique data were used in the least squares refinement. There is some unresolved disorder in the 
backbone of the tmed ligand, but was small enough that no splitting of C7 or C8 into partial 
atoms was warranted.  The quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, 
where w = {[σ(Fo
2)]2 + (0.0672P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The largest peak in the final 
Fourier difference map (0.76 eÅ-3) was located 0.96 Å from C7.   
 [Ca(12-crown-4)2][BH3Me2BH3]2•2thf, 7. The monoclinic lattice and the systematic 
absences h0l (l ≠ 2n) and 0k0 (k ≠ 2n) were uniquely consistent with the space group P21/c, and 
this choice was confirmed by successful refinement of the proposed model. A face-indexed 
absorption correction was applied, the minimum and maximum transmission factors being 0.929 
and 0.954.  All 8018 unique data were used in the least squares refinement.  One of the 
BH3NMe2BH3 groups is disordered over two positions; the site occupancy factors (s.o.f.’s) for 
the two components were constrained to sum to unity, and the s.o.f. for the major site refined to 
0.750(6).  The quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where w = 
{[σ(Fo
2)]2 + (0.0515P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The displacement parameters for the atoms of 
the two tetrahydrofuran (thf) molecules were restrained to be similar.  The C-O and C-C bond 
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distances of the two thf molecules were fixed to 1.47 ± 0.01 and 1.52 ± 0.01 Å, respectively.  
The two-bond C-C-C, C-O-C, and C-C-O distances in the thf molecules were restrained to be the 
same within an e.s.d. of 0.02 Å.  The N-C and N-B distances within the major disordered 
component were fixed at 1.47 ± 0.001 and 1.58 ± 0.001 Å, respectively, and the minor 
component was restrained to have the same bond distances and angles within ± 0.01 Å.  The 
largest peak in the final Fourier difference map (0.33 eÅ-3) was located 1.07 Å from Ca1.     
 
. 
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Tables and Figures 
 
Table 4.1.  Crystallographic data for Ca(BH3NMe2BH3)2 Lewis base adducts 2-7 at 193 K. 
 2, L = Et2O 3, L = thf 4, L = dme 5, L = diglyme 6, L = tmeda 7, L = 12-crown-4 
formula C12H44B4N2O2Ca C12H40B4N2O2Ca C8H34B4N2O2Ca C10H38B4N2O3Ca C10H40B4N4Ca C20H56B4N2O8Ca 
FW (g mol-1) 331.81 327.78 273.69 317.74 299.77 535.99 
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
crystal system Monoclinc Trigonal Triclinic Orthorhombic Monoclinic Monoclinic 
space group C2 P3221 1P  Pnma P21/n P21/c 
a (Å) 19.88 11.51 9.59 10.26 10.16 15.76 
b (Å) 8.52 11.51 14.28 11.28 14.91 10.20 
c (Å) 15.15 28.60 14.87 18.03 13.77 23.28 
α(deg) 90 90 89.54 90 90 90 
β(deg) 112.74 90 76.04 90 97.20 104.53 
γ(deg) 90 120 77.19 90 90 90 
V (Å3) 2366.1(5) 3280.1(2) 1924.4(3) 2086.6(5) 2070.4(2) 3621.6(4) 
Z 4 6 4 4 4 4 
ρcalc (g cm
-3) 0.931 0.996 0.945 1.011 0.962 1.115 
µ (mm-1) 0.268 0.290 0.319 0.305 0.297 0.217 
R(int) 0.1465 0.0503 0.1876 0.2875 0.1179 0.1510 
abs corr method Face indexed Face indexed Face indexed Face indexed Face indexed Face indexed 
max., min. transm. factors 0.951/0.915 0.928/0.909 0.970/0.942 0.985/0.948 0.958/0.935 0.9537/0.9287 
data/restraints/params 4312/35/247 4850/36/258 7085/148/416 2426/12/134 4583/34/228 8018/94/430 
GOF on F2 0.972 1.025 0.765 0.697 0.988 0.932 
R1 [I > 2σ(I)]
a 0.0467 0.0291 0.0522 0.0390 0.0474 0.0478 
wR2 (all data)
b 0.1171 0.0771 0.0982 0.0500 0.1180 0.1087 
max, min ∆ρelectron (e·Å
-3) 0.293/-0.410 0.485/-0.260 0.300/-0.296 0.192/-0.197 0.764/-0.418 0.327/-0.273 
a
R1 = ∑ ||Fo| - |Fc|| / | ∑|Fo| for reflections with Fo
2 > 2 σ(Fo
2).  bwR2 = [∑w(Fo
2 - Fc
2)2 / ∑(Fo
2)2]1/2 for all reflections. 
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Table 4.2.  Selected Bond Distances and Angles for Ca(BH3NMe2BH3)2(Et2O)2, 2. 
Bond Distance ( Å ) 
Ca(1)-O(1) 2.3876(18) Ca(1)-B(1) 2.788(5) 
Ca-H(avg) 2.39 Ca(1)-B(2) 2.849(4) 
Bond Angle ( º ) 
O(1)-Ca(1)-O(1)´ 83.08(9) B(1)-Ca(1)-B(1)´ 159.1(2) 
O(1)-Ca(1)-B(1) 109.00(12) B(1)-Ca(1)-B(2) 55.14(12) 
O(1)-Ca(1)-B(2) 97.16(10) B(1)-Ca(1)-B(2)´ 110.79(15) 
O(1)-Ca(1)-B(1)´ 86.93(10) B(2)-Ca(1)-B(2)´ 106.79(17) 
O(1)-Ca(1)-B(2)´ 140.17(1) B(1)-N(1)-B(2)  111.2(3) 
Symmetry transformations used to generate equivalent atoms:  ´ = -x+1,y,-z      
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Table 4.3.  Selected Bond Distances and Angles for Ca(BH3NMe2BH3)2(thf)2, 3. 
Bond Distance ( Å ) 
Ca(1)-O(1) 2.361(1) Ca(1)-B(3) 2.790(2) 
Ca(1)-O(2) 2.365(1) Ca(1)-B(4) 2.844(2) 
Ca(1)-B(1) 2.783(2) Ca-H (avg)  2.41 
Ca(1)-B(2) 2.835(2)   
Bond Angle ( º ) 
O(1)-Ca(1)-O(2) 82.27(4) B(1)-Ca(1)-B(4) 119.01(5) 
O(1)-Ca(1)-B(1) 84.89(5) B(2)-Ca(1)-B(3) 115.07(6) 
O(1)-Ca(1)-B(2) 139.51(5) B(2)-Ca(1)-B(4) 109.47(7) 
O(1)-Ca(1)-B(3) 105.27(5) B(3)-Ca(1)-B(4) 55.08(5) 
O(1)-Ca(1)-B(4) 95.88(5) B(1)-N(1)-B(2)  111.1(1) 
O(2)-Ca(1)-B(1) 102.90(5) B(3)-N(2)-B(4)  111.1(1) 
O(2)-Ca(1)-B(2) 97.77(6) N(1)-B(1)-Ca(1) 97.92(9) 
O(2)-Ca(1)-B(3) 84.54(5) N(1)-B(2)-Ca(1) 95.42(9) 
O(2)-Ca(1)-B(4) 137.79(5) N(2)-B(3)-Ca(1) 97.89(9) 
B(1)-Ca(1)-B(2) 55.44(6) N(2)-B(4)-Ca(1) 95.83(9) 
B(1)-Ca(1)-B(3) 168.29(6)   
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Table 4.4.  Selected Bond Distances and Angles for Ca(BH3NMe2BH3)2(dme), 4. 
Bond Distance ( Å ) 
Ca(1)-O(1) 2.393(3) Ca(2)-O(3) 2.359(3) 
Ca(1)-O(2) 2.376(2) Ca(2)-O(4) 2.402(3) 
Ca(1)-B(3) 2.767(5) Ca(2)-B(5) 2.788(5) 
Ca(1)-B(1) 2.771(5) Ca(2)-B(6) 2.798(6) 
Ca(1)-B(2) 2.797(5) Ca(2)-B(7) 2.805(5) 
Ca(1)-B(4) 2.799(5) Ca(2)-B(8) 2.808(6) 
Ca(1)-H (avg) 2.34 Ca(2)-H (avg) 2.38 
Bond Angle ( º ) 
O(2)-Ca(1)-O(1) 69.87(9) O(3)-Ca(2)-O(4) 68.80(9) 
O(1)-Ca(1)-B(1) 101.7(1) O(3)-Ca(2)-B(5) 89.2(1) 
O(1)-Ca(1)-B(2) 101.0(1) O(3)-Ca(2)-B(6) 140.5(1) 
O(1)-Ca(1)-B(3) 86.3(1) O(3)-Ca(2)-B(7) 99.7(1) 
O(1)-Ca(1)-B(4) 137.6(1) O(3)-Ca(2)-B(8) 111.6(1) 
O(2)-Ca(1)-B(1) 85.5(1) O(4)-Ca(2)-B(5) 104.6(1) 
O(2)-Ca(1)-B(2) 138.7(1) O(4)-Ca(2)-B(6) 99.4(1) 
O(2)-Ca(1)-B(3) 106.6(1) O(4)-Ca(2)-B(7) 137.5(1) 
O(2)-Ca(1)-B(4) 100.8(1) O(4)-Ca(2)-B(8) 89.4(1) 
B(1)-Ca(1)-B(2) 56.1(1) B(5)-Ca(2)-B(6) 56.3(2) 
B(1)-Ca(1)-B(3) 167.30(16) B(5)-Ca(2)-B(7) 116.31(16) 
B(1)-Ca(1)-B(4) 119.14(15) B(5)-Ca(2)-B(8) 158.24(16) 
B(2)-Ca(1)-B(3) 112.99(16) B(6)-Ca(2)-B(7) 112.12(17) 
B(2)-Ca(1)-B(4) 110.51(16) B(6)-Ca(2)-B(8) 105.62(16) 
B(3)-Ca(1)-B(4) 55.89(14) B(7)-Ca(2)-B(8) 55.8(2) 
B(2)-N(1)-B(1) 112.5(3) B(6)-N(3)-B(5) 112.6(3) 
B(4)-N(2)-B(3) 111.8(3) B(7)-N(4)-B(8) 112.5(3) 
 
  
 
108
Table 4.5.  Selected Bond Distances and Angles for Ca(BH3NMe2BH3)2(diglyme), 5. 
Bond Distance ( Å ) 
Ca(1)-O(1) 2.437(2) Ca(1)-B(4) 2.794(5) 
Ca(1)-O(2) 2.393(2) Ca(1)-H(11) 2.41(2) 
Ca(1)-B(1) 2.836(6) Ca(1)-H(21) 2.48(2) 
Ca(1)-B(2) 2.953(5) Ca(1)-H(31) 2.54(2) 
Ca(1)-B(3) 2.976(5) Ca(1)-H(41) 2.33(2) 
Bond Angle ( º ) 
O(1)-Ca(1)-O(2) 67.53(4) N(1)-B(1)-Ca(1) 100.8(3) 
O(1)-Ca(1)-O(1)′ 135.03(8) N(1)-B(2)-Ca(1) 96.8(2) 
O(1)-Ca(1)-B(1) 106.39(5) N(2)-B(3)-Ca(1) 94.1(2) 
O(1)-Ca(1)-B(2) 87.98(5) N(2)-B(4)-Ca(1) 101.7(2) 
O(1)-Ca(1)-B(3) 87.57(5) B(1)-Ca(1)-B(2) 52.8(2) 
O(1)-Ca(1)-B(4) 106.28(5) B(3)-Ca(1)-B(4) 53.5(1) 
O(2)-Ca(1)-B(1) 139.9(1) B(1)-N(1)-B(2) 109.6(3) 
O(2)-Ca(1)-B(2) 87.1(1) B(3)-N(2)-B(4) 110.7(3) 
O(2)-Ca(1)-B(3) 81.3(1)   
O(2)-Ca(1)-B(4) 134.8(1)   
Symmetry transformations used to generate equivalent atoms:  ′  = x, -y+1/2, z 
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Table 4.6.  Selected Bond Distances and Angles for Ca(BH3NMe2BH3)2(tmeda), 6. 
Bond Distance ( Å ) 
Ca(1)-N(3) 2.560(2) Ca(1)-B(3) 2.773(3) 
Ca(1)-N(4) 2.585(2) Ca(1)-B(4) 2.812(2) 
Ca(1)-B(1) 2.762(3) Ca-H (avg) 2.39 
Ca(1)-B(2) 2.843(3)   
Bond Angle ( º ) 
N(3)-Ca(1)-N(4) 72.70(6) B(1)-Ca(1)-B(2) 55.76(7) 
N(3)-Ca(1)-B(1) 91.63(6) B(3)-Ca(1)-B(4) 55.84(7) 
N(3)-Ca(1)-B(2) 144.32(7) B(1)-N(1)-B(2) 111.7(2) 
N(3)-Ca(1)-B(3) 103.18(7) B(3)-N(2)-B(4) 111.6(2) 
N(3)-Ca(1)-B(4) 99.45(7) N(1)-B(1)-Ca(1) 97.9(1) 
N(4)-Ca(1)-B(1) 106.00(7) N(1)-B(2)-Ca(1) 94.6(1) 
N(4)-Ca(1)-B(2) 100.56(7) N(2)-B(3)-Ca(1) 97.1(1) 
N(4)-Ca(1)-B(3) 90.77(7) N(2)-B(4)-Ca(1) 95.5(1) 
N(4)-Ca(1)-B(4) 143.76(7)   
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Table 4.7.  Selected Bond Distances and Angles for [Ca(12-crown-4)2][BH3NMe2BH3]2·2thf,  7. 
Bond Distance ( Å ) 
Ca(1)-O(1) 2.441(1) Ca(1)-O(7) 2.409(1) 
Ca(1)-O(2) 2.382(1) Ca(1)-O(8) 2.423(1) 
Ca(1)-O(3) 2.419(1) N(1)-B(1) 1.587(3) 
Ca(1)-O(4) 2.418(1) N(1)-B(2) 1.596(3) 
Ca(1)-O(5) 2.421(1) N(1)-C(1) 1.475(3) 
Ca(1)-O(6) 2.431(1) N(1)-C(2) 1.455(3) 
Bond Angle ( º ) 
O(1)-Ca(1)-O(2) 69.22(5) C(1)-N(1)-B(2) 108.7(2) 
O(2)-Ca(1)-O(3)  68.47(5) C(2)-N(1)-B(1) 109.8(2) 
O(3)-Ca(1)-O(4) 68.40(5) C(2)-N(1)-B(2) 108.7(2) 
O(1)-Ca(1)-O(4) 68.70(5) C(3A)-N(2A)-C(4A) 107.1(3) 
O(5)-Ca(1)-O(6) 68.23(5) C(3A)-N(2A)-B(3A) 110.3(4) 
O(6)-Ca(1)-O(7) 69.64(5) C(3A)-N(2A)-B(4A) 109.1(3) 
O(7)-Ca(1)-O(8) 69.08(4) C(4A)-N(2A)-B(3A) 107.0(4) 
O(5)-Ca(1)-O(8) 68.97(5) C(4A)-N(2A)-B(4A) 109.2(3) 
C(1)-N(1)-C(2) 108.7(2) B(1)-N(1)-B(2) 112.8(2) 
C(1)-N(1)-B(1) 108.1(2) B(3A)-N(2A)-B(4A) 113.8(3) 
 
 
  
 
111
 
Figure 4.1.  Molecular structure of Ca(BH3NMe2BH3)2(Et2O)2, 2.  Ellipsoids are drawn at the 
30% probability level.  Hydrogens attached to carbon have been removed for clarity. 
 
  
 
112
 
Figure 4.2.  Molecular structure of Ca(BH3NMe2BH3)2(thf)2, 3.  Ellipsoids are drawn at the 30% 
probability level.  Hydrogens attached to carbon have been removed for clarity. 
 
  
 
113
 
Figure 4.3.  Molecular structure of Ca(BH3NMe2BH3)2(dme), 4.  Ellipsoids are drawn at the 
30% probability level.  Hydrogens attached to carbon have been removed for clarity. 
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Figure 4.4.  Molecular structure of Ca(BH3NMe2BH3)2(diglyme), 5.  Ellipsoids are drawn at the 
30% probability level.  Hydrogens attached to carbon have been removed for clarity. 
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Figure 4.5.  Molecular structure of Ca(BH3NMe2BH3)2(tmeda), 6.  Ellipsoids are drawn at the 
30% probability level.  Hydrogens attached to carbon have been removed for clarity. 
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Figure 4.6.  Molecular structure of [Ca(12-crown-4)2][BH3NMe2BH3]2·2thf, 7.  Ellipsoids are 
drawn at the 30% probability level.  The thf molecules of solvation and the hydrogen atoms have 
been removed for clarity. 
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CHAPTER 5.  Synthesis and Characterization of Strontium ,-
Dimethylaminodiboranates as Possible Chemical Vapor Deposition Precursors  
 
Introduction 
Thin films of metal oxides find many important applications in microelectronics, such as 
next-generation computer memories, microprocessors, infrared detectors, optical wave-guides 
and electro-optic storage.  Vapor phase techniques such as metal organic chemical vapor 
deposition (MOCVD) and atomic layer deposition (ALD) offer the potential for large area 
growth and have the advantages of good composition control, high film uniformity, and excellent 
conformal step coverage on non-planar device geometries, the latter being a feature that is not 
characteristic of physical vapor deposition (PVD) processes.1   
The need for CVD precursors for the alkaline earth metals is particularly important given 
the key role of these elements in advanced materials such as high temperature superconductors,2-
7 dielectrics and ferroelectrics,8-12 non-linear optical materials,13,14 and colossal magnetoresistive 
thin films.15-18  Unfortunately, however, few precursors for the transport and deposition of the 
group 2 elements are known, in large part because Group 2 ions have a tendency to form 
oligomeric (and thus non-volatile) species as a result of their large radii.  Oligomerization can be 
prevented by employing bulky anions to sterically hinder the metal center; alternatively, Lewis 
bases can be employed to occupy coordination sites that otherwise would be available for 
bridging interactions.  One issue is that many Lewis bases dissociate from the metal center upon 
heating, thus converting the complex into a nonvolatile form.19-22   
For the heavier group 2 metals (Ca2+, Sr2+, and Ba2+), β-diketonate complexes are the 
most commonly used source compounds for the vapor deposition of oxide materials.23-31  Even 
so, they tend to suffer from low volatilities, and low thermal stabilities.  For example, group 2 
complexes bearing β-diketonate ligands have low vapor pressures (typically <1 Torr at >200 
ºC),25 which leads to slow film deposition rates.  Similar issues are seen for many other classes of 
precursors.32-34  The most volatile strontium compounds known to date are certain of the 
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strontocenes;  for example, decamethylstrontocene sublimes at 100 ºC at low pressure.35-37  
However, this class of compounds has only been recently used as precursors in film 
depositions.38,39  Among the small number of strontium compounds that are known to sublime 
without decomposition are as follows, with the sublimation conditions given in parentheses:  
(C5Me5)2Sr 100 ºC at 10
-3 Torr,37 Sr(thd)2(tetraglyme) 100 ºC at 10
-3 Torr,40 Sr(LNMe2)2 110 ºC at 
0.05 Torr,41 Sr(hfac)2(tetraglyme) 115 ºC at 10
-2 Torr,42,43 Sr(tdfnd)2·H2O 165 ºC at 40 Torr,
44 
Sr(thd)2(triglyme) 150 ºC at 10
-3 Torr),45 Sr(hfac)2 185 ºC at 10
-5 Torr,46 Sr[HB(3,5-Me2pz)3]2 
200 ºC at 0.05 Torr,22 Sr(tfac)2 215 ºC at 10
-5 Torr,46 and where thd = 2,2,6,6-tetramethyl-3,5-
heptanedionate, LNMe2 = 2,4-pentanedione bis(2,2-dimethylhydrazone) anion, hfac = 1,1,1,5,5,5-
hexafluoropentanedionate, tdfnd = 1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradecafluoro-4,6-nonanedionate, 
pz = pyrazolyl, and tfac = 1,1,1-trifluoropentanedionate.  
In view of the results above, the synthesis of new classes of volatile alkaline earth 
compounds is an important challenge.  We have previously shown that magnesium and yttrium 
complexes of the chelating borohydride ligand ,-dimethylaminodiboranate (H3BNMe2BH3
-) 
are excellent CVD and ALD precursors for the deposition of oxide thin films, with H2O as a co-
reactant.47,48  Here we report the synthesis and characterization of a new class of strontium 
compounds bearing the ,-dimethylaminodiboranate anion.  Some of these compounds are 
sufficiently volatile to make them potentially useful as precursors for the deposition of strontium 
containing thin films. 
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Results and Discussion 
Synthesis of Sr(H3BMe2BH3)2 and its adducts with Lewis bases.  The reaction of 
SrBr2 with two equiv. of sodium ,-dimethylaminodiboranate, Na(H3BNMe2BH3) in Et2O at 0 
ºC gives a white suspension that turns grey as the mixture is allowed to warm to room 
temperature.  Concentration and cooling of the mother liquor to –20 ºC affords colorless crystals, 
which were isolated and dried in vacuum for 15 minutes at 20 ºC.  The material isolated in this 
way is the solvent-free compound Sr(H3BNMe2BH3)2, 1.  This compound is insoluble in non-
coordinating solvents. 
 
SrBr2 + 2 Na(H3BNMe2BH3)  ―→ Sr(H3BNMe2BH3)2+ 2 NaBr 
    1 
 
As we will show below, before they are dried in vacuum the colorless crystals obtained from the 
above reaction consist of the diethyl ether adduct Sr(H3BNMe2BH3)2(Et2O)2, 2, but that this 
adduct is readily desolvated.  If the reaction of SrBr2 with two equiv of Na(H3BNMe2BH3) is 
carried out in the more strongly coordinating solvent thf rather than diethyl ether, the thf solvate 
Sr(H3BNMe2BH3)2(thf)3, 3, is obtained.  The thf molecules in this molecule are not readily 
removed when the crystals are exposed to vacuum. 
 
SrBr2 + 2 Na(H3BNMe2BH3)  + x L ―→ Sr(H3BNMe2BH3)2(L)x + 2 NaBr 
2, L = Et2O, x = 2 
         3, L = thf, x = 3 
 
The synthesis of complexes with other coordinated Lewis bases can be achieved by treating the 
thf adduct 3 with one or two equivalent of the desired Lewis base.  Thus, treating 3 with 1,2-
dimethoxyethane (dme), bis(2-methoxyethyl) ether (diglyme), or ,,′,′-tetramethyl-
ethylenediamine (tmeda) in thf affords the new compounds Sr(H3BNMe2BH3)2(dme)2, 4, 
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Sr(H3BNMe2BH3)2(diglyme), 5, and Sr(H3BNMe2BH3)2(tmeda), 6, respectively, in greater than 
60% yields.  
 
Sr(H3BNMe2BH3)2(thf)3 + x L ―→ Sr(H3BNMe2BH3)2(L)x + 3 thf 
    4, L = dme, x = 2 
                5, L = diglyme, x =1 
                 6, L = tmeda, x = 1 
 
 The treatment of 3 with two equiv. of the crown ether 12-crown-4 in thf and subsequent 
recrystallization from hot thf yields a compound that subsequent studies show is a charge-
separated salt, [Sr(κ1-H3BNMe2BH3)(12-crown-4)2][H3BNMe2BH3], 7.  In this system, the 12-
crown-4 molecule preferentially coordinates to strontium in a 2:1 ratio:  if one equiv. of 12-
crown-4 is added to 3, the same product, 7, is obtained but in smaller yield. 
 
 Sr(H3BNMe2BH3)2(thf)2  +  2 (12-crown-4) ―→  
     [Sr(H3BNMe2BH3)(12-crown-4)2][H3BNMe2BH3] + 2 thf 
                 7 
 
Structural data for the new Sr(H3BMe2BH3)2Lx compounds.  Crystal data for all the 
new compounds are listed in Table 5.1, and selected bond distances and angles for them are 
given in Tables 5.2-5.7.  For each molecule, the hydrogen atoms attached to boron were found in 
the difference maps, and their locations could be refined subject to light restraints.   
Molecules of Sr(H3BNMe2BH3)2(Et2O)2, 2, lie on two fold axes with half of a molecule 
in the asymmetric unit; molecule of Sr(H3BNMe2BH3)2(thf)3, 3, occupy a general positions 
within its unit cell but there are two independent molecules in the asymmetric unit. The two 
independent molecules, however, are nearly identical; where only one metric parameter is given 
below, it will be for molecule one.  The four boron atoms and two oxygen atoms in the Sr 
  
 
126
coordination sphere of the diethyl ether adduct 2 describe a distorted octahedron (Figure 5.1).  
Trigonal prisms have six large interligand angles of ca. 120-145º (the diagonals of the square 
faces), whereas octahedra have three large interligand angles of ca. 180º (between mutually trans 
ligands).  In 2, three angles are greater than 120º, although owing to the small bite angles of the 
chelating DMADB ligands the angles deviate significantly from 180º.  The four boron atoms and 
three oxygen atoms in the coordination sphere of the Sr atom in the thf adduct 3 describe a 
distorted pentagonal bipyramid, with oxygen atoms O(2) and O(3) occupying the axial sites 
(Figure 5.2).  
The average cis O-Sr-O angle between the coordinated ether molecules is 86.1 in 2 and 
81.3º in 3; the average Sr-O distances are 2.53 and 2.58 Å in 2 and 3, respectively.  Of the four 
Sr···B distances in each molecule, two are shorter and two are longer, with the difference being 
ca. 0.025 Å.  Specifically, each DMADB ligand in 2 exhibits one short Sr···B distance of 
2.945(5) Å and one long Sr···B distance of 2.970(5) Å; in 3, the corresponding distances are 
2.991(4)-3.008(5) Å and 3.020(5)-3.028(4) Å.  The average Sr-H distance is 2.50 and 2.60 Å in 2 
and 3, respectively.  The total coordination number of the strontium center in 2 is 10 (2 oxygens 
plus 8 hydrogen atoms), and in 3 is 11 (3 oxygens plus 8 hydrogen atoms). The higher 
coordination number in 3 explains why the metal-ligand distances are slightly larger and the 
interligand angles are slightly smaller in this complex.  
 Molecules of the bis(dme) adduct 4 reside in general positions. The four boron atoms and 
four oxygen atoms in the coordination sphere of the strontium atom describe a bicapped trigonal 
prism (Figure 5.3).  All four boron atoms lie essentially in the same plane; this plane is the 
uncapped square face.  O1 and O4 are the other vertices that makeup the trigonal prism.  Where 
as O2 and O3 are the capping feature, this leads to each dme ligand been a bridge between a 
vertex of the trigonal prism and a capping site.  This is an approximant two-fold axis that relates 
O1 to O4, O2 to O3, B1 to B4, and B2 to B3.  The average O-Sr-O angle within each dme ligand 
of 63.65º is ca. 20º smaller than those in 2 and 3, due to the chelating nature of the ligand.  The 
average Sr-O distance is 2.63 Å.  As seen for 2 and 3, each independent DMADB ligand has one 
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shorter Sr···B distance of 3.053(3)-3.078(3) Å and one longer Sr···B distance of 3.124(3)-
3.131(3) Å but here the difference is ca. 0.06 instead of 0.025 Å.  The larger difference suggests 
that the asymmetry in the binding of the DMADB ligands in these strontium complexes increases 
as the steric angle occupied by the coordinated Lewis bases increases:  two dme ligands are more 
sterically demanding than two Et2O or three thf molecules.  The average Ca-H distance in 4 is 
2.65 Å, and the total coordination number of the Sr atom in this complex is 12 (4 oxygens plus 8 
hydrogen atoms). 
Molecules of the diglyme compound 5 occupy general positions within the unit cell, and 
two independent molecules occupy the asymmetric unit. The two independent molecules, 
however, are nearly identical; where only one metric parameter is given below, it will be for 
molecule one.  The four boron atoms of the two DMADB ligands and the three oxygen atoms of 
the diglyme molecule describe a distorted pentagonal bipyramidal geometry about the Sr center 
(Figure 5.4), with the terminal oxygen atoms of the diglyme ligand occupying the two axial sites.  
The Sr-O distance to the central oxygen atom is 2.576(2) Å and those to the outer oxygen atoms 
are slightly longer at 2.615(2) Å.  The O-Sr-O angles between the central and outer oxygens of 
the diglyme ligand are both ca. 63.44º. The two DMADB ligands, which occupy two cis 
positions in the equatorial girdle of the pentagonal bipyramid, are again bound asymmetrically: 
each DMADB ligand forms one Sr···B distance of 2.986(5)-3.020(4) Å and one Sr···B distance 
of 2.998(5)-3.032(4) Å.  The difference in these two distances is only ca. 0.012 Å, however, and 
not significant statistically.  The average Sr-H distance in 5 is 2.57 Å, and the total coordination 
number is 11 (3 oxygens plus 8 hydrogen atoms). 
Molecules of the tmeda compound 6 reside in general positions.  The molecule is 
dimeric: each metal center is bound to two chelating κ2-BH3NMe2BH3-κ
2 groups, but each metal 
center is also coordinated to one hydrogen atom on a BH3NMe2BH3 ligand that chelates to the 
neighboring metal center.   The four boron atoms and the two nitrogen atoms of the tmeda ligand 
describe a distorted octahedron about the Sr center, but if the bridging hydrogen is included in 
determining the overall geometry it is augmented triangular prism (Figure 5.5).  The augmented 
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triangular prism geometry is described by B(2), B(3), B(4), N(3), and H(33A) as the vertices of 
the trigonal prism and B(1) in the capping position  The N-Sr-N angle of the tmeda ligand is 
67.48(7)º, and the average Sr-N distance is 2.76 Å.  As seen in the compounds above, each 
DMADB ligand has one short Sr···B distance of 2.952(4)-3.014(3) Å and one long Sr···B 
distance of 3.018(3) Å.  The ca. 0.06 Å difference suggests that tmeda is more sterically 
demanding (and the coordination sphere is more asymmetric) than in any of the compounds 
above.  The average Sr-H distance is 2.57 Å and the Sr-H distance to the bridging hydrogen is 
2.67 Å.  The total coordination number of 5 is 11 (2 nitrogens plus 9 hydrogen atoms). 
 The two 12-crown-4 ligands in 7 almost completely encapsulate the strontium atom and 
the DMADB anions at best only weakly bound (Figure 5.6).  Specifically, one of the DMADB 
anions coordinates in unusual κ1-BH3NMe2BH3 fashion because the two 12-crown-4 molecules 
leave very little room in the coordination sphere of the Sr atom for additional ligands; the other 
DMADB anion is a charge-separated counterion within the unit cell.   The Ca-O distances lie 
within a small range of 2.567(2) to 2.668(2) Å.  The Sr-H distance to the κ1-DMADB group is 
2.695 Å.  The total coordination number of the Sr center in 6 is 9 (8 oxygens plus 1 hydrogen 
atom). 
Comparison of structural properties. Compounds 2-6 all possess chelating κ2-
BH3NMe2BH3-κ
2 groups, in which two hydrogen atoms on each boron center are bound to 
strontium.  Compound 6 is dinuclear because each metal atom is also coordinated to one 
hydrogen atom on a BH3NMe2BH3 ligand that chelates to the neighboring metal center.  
Compound 7 possesses an unusual κ1-BH3NMe2BH3 group because the Sr atom is almost 
completely encapsulated by two 12-crown-4 molecules; the other BH3NMe2BH3 anion is a 
charge-separated counterion within the unit cell. The Sr···H bond distances for the κ1-
BH3NMe2BH3 groups in 6 and 7 of 2.67(2) and 2.69 Å, respectively, are in agreement.  All of 
the Sr···B bond distances for 2-6 lie within the range of 2.762(3) – 2.976(5) Å; from the Sr···B 
bond distances listed below, it is clear that the DMADB ligands are all bound in a κ2 
coordination mode.  Known Sr···B distances are:  Sr[κ2-BH3PMe2C(SiMe3)2]2(thf)4 2.873(4) and 
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2.893(4) Å,49 Sr(κ3-BH3Me)2(dme)3 2.865(2) Å,
50 Sr(κ3-BH4)2(thf)2 2.960(6) Å,
51 Sr(κ3-
BH4)2(diglyme)2 2.916(7) Å,
51 and Sr(κ3-BH4)2(18-crown-6) 2.833(6) Å.
51  
The chelating DMADB ligands in the new strontium compounds exhibit B-Sr-B angles of 
52.1 (1), 51.6 (3), 49.71 (4), 51.6 (5), and 51.5 (6) that can be compared with those of the other 
known DMADB complexes:  Th4+ 50.8º,52 U3+  52.9º,53,54 Y3+  53.4,47 (La3+,Nd3+, Sm3+, Eu3+, 
Gd3+, Dy3+, and Er3+) 52.9,47 Eu2+ 50.3,55 Yb2+ 55.2,55 Ti2+ 63.7,56 Cr2+ 64.1,56 Mo2+ 64.2,56 Mn2+ 
65.4,56 Mg2+ 60.77,57 Ca2+ 55.1,58 Ba2+ 46.9.59  These values show that the B-M-B angle of the 
DMADB ligand decreases as the ionic radius of the metal center increases.  
Compound 2 has an average Sr···O distance of 2.53 Å.  Known Sr···O bond distances for 
strontium diethyl ether adducts are:  Sr[(CyN)2CN(SiMe3)2]2(Et2O) 2.559(3) Å,
60 and 
Sr[(iPrN)2CN(SiMe3)2]2(Et2O) 2.525(1) Å.
61 
Compound 3 has an average Sr···O distance of 2.58 Å.  Known Sr···O bond distances for 
strontium tetrahydrofuran adducts are:  Sr[BH3PMe2C(SiMe3)2]2(thf)4 2.586(2)-2.652(2) Å,
49 
Sr[C(SiMe3)2]2(thf)3 2.565(7)-2.579(9) Å,
62 Sr[N(Ph)2]2(thf)4 2.585(2)-2.606(2) Å,
63 
Sr(Ph2pz)2(thf)4 2.578(3)-2.614(3) Å,
64 Sr(BH4)2(thf)2 2.544(3) Å,
51 and Sr(thd)2(thf)4 2.655(4)-
2.662(3) Å,65 where thd = 2,2,6,6-Tetramethylheptane-3,5-dionate. 
Compound 4 has an average Sr···O distance of 2.63 Å and an O-Sr-O angle of 63.65º.  
Known Sr···O bond distances and O-Sr-O angles for strontium 1,2-dimethoxyethane adducts are:  
Sr(Ph2pz)2(dme)2 2.579(3)-2.651(3) Å and 63.5º,
64  SrI2(dme)3 2.631(4)-2.656(4) Å and 61.58º,
66 
Sr(BH3Me)2(dme)3 2.724(2)-2.767(1) Å and 60.5º,
50 and Sr(PFTB)2(dme)2 2.554(3)-2.603(2) Å 
and 63.34º.67 
Compound 5 has an average Sr···O distance of 2.61 Å and a cis O-Sr-O angle of 63.44º.  
Known Sr···O bond distances and cis O-Sr-O angles for strontium diglyme adducts are  
Sr(BH4)2(diglyme)2 2.708(3)-2.783(4) Å and 58.6(1)º,
51 Sr(PFTB)2(diglyme) 2.699(1)-2.773(1) 
Å and 62.21º,67 SrI2(diglyme)2 2.614(7)-2.731(8) Å and 60.01º,
68 Sr[(Me3SiN)2CPh] 2.612(6)-
2.848(8) Å and 59.58º,69 and Sr(hfac)2(diglyme)(H2O) 2.597(2)-2.635(3) and 63.16º.
70 
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Compound 6 has an average Sr···N distance of 2.76 Å and a N-Sr-N angle of 67.48º.  
Known Sr···N bond distances and N-Sr-N angles for strontium tmeda adducts are:  
Sr[Si(SiMe3)3]2(tmeda)(thf) 2.696(3) and 2.709(3) Å and 67.12(1)º,
71 Sr[SeSi(SiMe3)3]2(tmeda)2 
2.69(1) Å and 70.0(3)º,72 SrI2(HOMe)3(tmeda) and 2.785(8)-2.834(6) Å and 65.8(2)º,
73 
Compound 7 has an average Sr···O distance of 2.62 Å.  Known Sr···O bond distances 
and bite angles for strontium 12-crown-4 adducts are reported in the literature as:  Sr(ClO4)2(12-
crown-4)(H2O)2 2.619(6)-2.665(6) Å,
74 Sr(NO3)2(12-crown-4)(H2O)2 2.668(4)-2.730(4) Å,
74 
SrBr2(12-crown-4)(H2O)3 2.632(4)-2.675(4) Å,
74 Sr(12-crown-4)(SCN)2·2H2O 2.75(1) Å.
75 
Spectroscopic properties. The IR spectrum of the desolvated compound 
Sr(H3BNMe2BH3)2, 1, exhibits bands between 2500 and 2000 cm
-1 that are characteristic of B-H 
stretches:  three very strong overlapping peaks centered at 2255 cm-1 and weaker, higher-
frequency bands at 2375 (m), 2393 (m), 2419 (m), and 2496 (w) cm-1.  In the fingerprint region 
(800-1300 cm-1) are C-N stretches and B-H bridge deformations due to the DMADB ligand.  The 
frequencies of these bands are very similar to the C-O stretching bands that are characteristic of 
the presence of diethyl ether,76,77 but the absence of diethyl ether in 7 is clear from the 1H NMR 
spectrum.  The latter lacks resonances due to Et2O but contains a singlet at δ 2.05 for the NMe2 
protons of the ,-dimethylaminodiboranate (DMADB) ligand, and a 1:1:1:1 quartet at δ 1.39 
for the BH3 groups. The coupling constant to the 
11B nucleus (I = 3/2) is 92 Hz.  The 
11B NMR 
spectrum of the desolvated compound 1 consists of a resonance at δ –8.62 that appears as a 
1:3:3:1 quartet due to the same coupling of the 11B nucleus to three protons.   
For the various ether solvates of Sr(H3BNMe2BH3)2 described above, the BH stretching 
bands in the IR spectra, and the NMR chemical shifts and coupling patterns for the DMADB 
protons, are generally similar to those seen in the spectra of the desolvated material, but there are 
some differences.  Instead of a multiple strong B-H stretchs centered around 2252 cm-1 and 
weaker peaks at higher frequency, as seen for the desolvated material 1, the adducts 3, 4, and 6 
have a very strong bands between 2242-2308 cm-1 as well as weaker higher-frequency bands 
centered around 2404 cm-1.  For the diglyme compound 5, has three very strong bands at 2306, 
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2273, and 2230 cm-1 but the band at higher frequency, 2405 cm-1, is weaker in intensity.  These 
results are consistent with the spectra seen for other known DMADB complexes.47,52,54,55,57,78  
The bands near 2230 cm-1 correspond to bridging B-H-Sr stretches, whereas the bands at higher 
frequencies are due to terminal B-H stretches.   
The pattern of bands in the IR spectrum of the 12-crown-4 complex 7 is rather different 
from that seen in the spectra of 1, 3-6, as might be expected from the presence of a non-
coordinating DMADB anion in the solid-state structure of 7 but not the other compounds.   There 
are five intense but broad overlapping peaks at 2344 2299, 2269, 2218, and 2195 cm-1 and a 
medium intensity peak at 2063 cm-1.  At present, there are two other structurally characterized 
compounds that contain charge-separated DMADB anions, and the IR spectra of these 
compounds in the B-H stretching region do possess intensity bands with similar wavenumbers to 
that of 7, but the overall broad nature of 7 leads to the conclusion that there are more 
environments present that just the charge-separated DMADB anion.  From the Xray data we 
know that the extra bands can be attributed to the κ1 coordination mode of a DMADB group.  
The compound [Na(12-crown-4)2][DMADB] has a strong broad peak at 2196 cm
-1, a strong 
broad pair of bands centered at 2285 cm-1, with a shoulder at 2154 cm-1 and a medium intensity 
peak at 2054 cm-1.58  The compound [Ba(15-crown-5)2][DMADB]2 exhibits a medium intensity 
peak at 2203 cm-1, strong broad bands centered at 2307 cm-1, with a shoulder at 2173 cm-1 and a 
weak peak at 2057 cm-1.59 
The 1H NMR spectra of 1 and 7 were acquired in d6-DMSO due the low solubilities of 
these compounds in non-coordinating solvents, whereas spectra of 3-6 were acquired in d6-
benzene. In d6-DMSO, the chemical shifts of the NMe2 protons in 1 and 7 of δ 2.09 and 2.10, 
respectively, agree with those measured for other with known DMADB compounds in the same 
solvent: Ba(DMADB)2(tmeda) δ 2.09,
59 and [Ba(15-crown-5)2][DMADB]2 δ 2.10.
59  In contrast, 
in d6-benzene the chemical shifts of the NMe2 resonances of 3-6 all lie between δ 2.50 and 2.64, 
or about 0.5 ppm downfield of the shifts seen in d6-DMSO.  These chemical shift differences 
suggest that in DMSO the DMADB groups are free ions, whereas in benzene they are 
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coordinated to strontium. The NMe2 chemical shifts seen for 3-6 are in agreement with those 
observed in other DMADB complexes of diamagnetic divalent metal ions in d6-benzene or d8-
toluene:  Yb(DMADB)2(thf)2 δ 2.45,
55 Yb(DMADB)2(dme) δ 2.50,
55 Mg(DMADB)2(thf)2 δ 
2.33,57 and Mg(DMADB)2(dme) δ 2.48,
47   
The 1H NMR spectra of 3-6 in d6-benzene also contain a 1:1:1:1 quartet between δ 2.20 
and 2.23 due to the BH3 groups of the DMADB ligands; for all four compounds the coupling 
constant to the 11B nucleus (I = 3/2) is between 91 and 104 Hz.  The 
1H NMR chemical shifts for 
the BH3 groups are also affected by the choice of NMR solvent: 1 and 7 have chemical shifts at δ 
1.39 and δ 1.40, respectively. It is difficult to compare these shifts with those of other divalent 
metal DMADB compounds due to the large influence of the nature of the metal center on the 
chemical shift.   
The 11B NMR spectra of all the new compounds consist of a binomial quartet with the 
same 90-92 Hz coupling constant at chemical shifts between δ –7.68 and δ –8.95.  Interestingly, 
the 11B NMR chemical shifts are not significantly influenced by the choice of NMR solvent, or 
the nature of the Sr-DMADB interaction, as is true for the 1H NMR shifts.  The 11B NMR 
chemical shifts, however, do show some dependence on the nature of the metal center.  For 
example, the shifts for the new compounds are all downfield relative to that of the starting 
material, NaDMADB (δ –11.11).    
Volatility studies.  The volatilities of the new strontium compounds were investigated to 
determine the potential utility of these compounds as CVD precursors.   When heated, the base 
free compound 1 does not melt up to 250 ºC, and it shows no sign of being volatile in vacuum.  
In contrast, the thf and dme complexes 3 and 4 melt at 130 and 122 ºC, respectively, but again 
neither sublimes under reduced pressure (1 Torr) at temperatures up to 150 ºC. It is possible that 
these compounds desolvate when heated.  In contrast, the diglyme and tmeda compounds 5 and 6 
melt at 142, and 176 ºC, respectively. These compounds sublime readily under reduced pressure 
(1 Torr) at 120 ºC.  The 12-crown-4 compound 7 melts at 160 ºC (dec) but does not sublime 
under reduced pressure (1 Torr) up to 150 ºC. 
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Conclusions 
The results presented in this paper reveal that the combination of the chelating ,-
dimethylaminodiboranate (DMADB) ligand and an appropriate Lewis base yields volatile 
strontium complexes. The Lewis bases diethyl ether, tetrahydrofuran, and 1,2dimethoxyethane 
coordinate to the strontium centers relatively weakly, and these ligands dissociate upon 
attempted sublimation in vacuum.  The crown ether 12-crown-4 binds sufficiently strongly that 
two coordinate to each Sr center, and the DMADB groups become charge-separated counterions 
(or nearly so). Not surprisingly, this latter complex is completely non-volatile. Notably, however, 
however, the complexes Sr(H3BNMe2BH3)2(diglyme) and Sr(H3BNMe2BH3)2(tmeda) can be 
sublimed readily in vacuum at temperature of 120 °C; their volatilities that compare favorably 
with those of the most volatile strontium compounds known.   
  
 
134
Experimental Section 
 All manipulations were carried out in an inert atmosphere of argon using standard 
Schlenck technique.  Tetrahydrofuran, 1,2-dimethoxyethane (dme), and diethyl ether were 
distilled from sodium/benzophenone, and heptane was distilled from potassium, before use.  
Bis(2-methoxyethyl) ether (diglyme) and ,,′,′-tetramethylethylenediamine (tmeda) were 
distilled from sodium.  1,4,7,10-tetraoxacyclododecane (12-crown-4; Aldrich) and SrBr2 (99.5%; 
Strem) were used as received. Sodium ,-dimethylaminodiborane was synthesized according to 
the literature procedure.79  Elemental analyses were carried out by the University of Illinois 
Microanalytical Laboratory.  The IR spectra were recorded on a Nicolet Impact 410 infrared 
spectrometer as Nujol mulls between KBr plates. The NMR data were collected on a General 
Electric GN300WB instrument at 7.00 T (11B), a Varian Unity 400 instrument at 9.4 T (1H 
and11B), or a Varian Unity-500 spectrometer at 11.75 T (1H).  Chemical shifts are reported in δ 
units (positive shifts to high frequency) relative to SiMe4 (1H) or BF3·Et2O (11B).  Melting 
points were determined in closed capillaries under argon on a Thomas-Hoover Unimelt 
apparatus. 
 Bis(,-dimethylaminodiboranato)strontium Sr(BH3Me2BH3)2, 1, and bis(,-
dimethylaminodiboranato)bis(diethyl ether)strontium Sr(BH3Me2BH3)2(Et2O)2, 2.  To 
anhydrous SrBr2 (300 mg, 1.50 mmol) was added a solution of sodium ,-dimethylamino-
diboranate (280 mg, 2.90 mmol) in diethyl ether (50 mL).  The resulting suspension was stirred 
for 18 h, during which time the suspension color changed from white to gray.  The suspension 
was filtered, and the filtrate was concentrated to ca. 5 mL under vacuum and cooled to –20 °C.  
After 24 h, the small colorless plates were collected. The as-isolated crystals contain two 
equivalents of diethyl ether per formula unit Sr(H3BNMe2BH3)2(Et2O)2, (2), but drying under 
vacuum at 25 °C yields the diethyl ether free compound.  Yield:  0.149 g (53%).  Mp. >250 °C.  
Anal. Calc for C4H24N2B4Sr:  C, 20.8; H, 10.5; N, 12.1; B, 18.7; Sr, 37.9.  Found: C, 20.9; H, 
10.3; N, 11.9; B, 18.1; Sr, 37.2.  1H NMR (d6-dmso, 20 °C):  δ 2.09 (s, NMe2), 1.39 (q, JBH= 91.9 
Hz, BH3).  
11B NMR (d6-dmso, 20 °C):  δ -8.62 (q, JBH = 91.6 Hz).  IR (cm
-1):  2496 w, 2420 m, 
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2393 m, 2375 m, 2350 s, 2270 vs, 2255 vs, 2234 vs, 2112 w, 1278 s, 1259 s, 1238 s, 1224 m, 
1216 m, 1205 m, 1181 vs, 1151 vs, 1044 m, 1031 s, 965 m, 923 w, 905 m, 821 m. 
 Bis(,-dimethylaminodiboranato)(tetrahydrofuran)strontium,  
Sr(BH3Me2BH3)2(thf)3, 3.  To anhydrous SrBr2 (500 mg, 2.50 mmol) was added a solution of 
sodium ,-dimethylaminodiboranate (474 mg, 5.00 mmol) in tetrahydrofuran (40 mL). The 
resulting suspension was stirred for 48 h, during which time its color changed from white to 
gray.  The solvent was removed under vacuum and the resulting solid was extracted with hot 
heptane (50 mL).  The hot extract was filtered, the filtrate was taken to dryness under vacuum, 
and the residue was dissolved in tetrahydrofuran (50 mL). The resulting solution was filtered, 
and the filtrate was concentrated to ca. 10 mL and cooled to –20 °C to afford colorless prisms.  
Yield: 407 mg (45%).  Mp. 129-131 °C.  Anal. Calc for C16H48N2B4O3Sr:  C, 43.0; H, 10.8; N, 
6.3; B, 9.70; Sr, 19.6.  Found: C, 42.5; H, 11.3; N, 6.5; B, 9.22; Sr, 21.5.  1H NMR (C6D6, 20 
°C):  δ 2.56 (s, NMe2), 3.65 (m, OCH2), 1.32 (m, β-CH2), δ 2.20 (q, JBH = 104 Hz, BH3).  
11B 
NMR (C6D6, 20 °C):  δ -8.2 (q, JBH = 90 Hz).  IR (cm
-1):  2404 m, 2308 vs, 2242 vs, 2101 sh, 
1259 s, 1232 s, 1215 s, 1174 vs, 1153 vs, 1028 vs, 953 w, 921 m, 878 m, 815 w. 
 Bis(,-dimethylaminodiboranato)(dimethoxyethane)strontium, 
Sr(BH3Me2BH3)2(dme)2, 4.  To a solution of Sr(BH3NMe2BH3)2(thf)3 (300 mg, 0.915 mmol) 
in tetrahydrofuran (50 mL) was added 1,2 dimethoxyethane (1.0 mL, 9.63 mmol), and the 
solution was stirred for 12 h.  The solvent was removed under vacuum and the residue was 
extracted with diethyl ether (50 mL). The extracts were filtered, and the filtrates were 
concentrated to ca. 5 mL under vacuum and cooled to –20 °C.  After 24 h, the small colorless 
plates were collected.  Yield: 237 mg (86%).  Mp. 121-123 °C.  Anal. Calc for C12H44N2B4O4Sr:  
C, 35.0; H, 10.8; N, 6.8; B, 10.5; Sr, 21.3.  Found: C, 35.1; H, 10.8; N, 6.8; B, 10.5; Sr, 20.8.  
NMR (C6D6, 20 °C):  δ 2.64 (s, NMe2), 2.97 (s, OCH2), 3.14 (s, OMe), 2.23 (q, JBH = 95 Hz, 
BH3).  
11B NMR (C6D6, 20 °C):  δ -8.95 (q, JBH = 90 Hz).  IR (cm
-1): 2393 m, 2306 vs, 2258 s, 
2073 w, 1304 w, 1254 w, 1224 m, 1210 m, 1179 s, 1154 vs, 1107 s, 1061 vs, 1018 s, 981 w, 927 
m, 906 w, 854 s, 802 m. 
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 Bis(,-dimethylaminodiboranato)[bis(2-methoxyethyl)ether]strontium, 
Sr(BH3Me2BH3)2(diglyme), 5.  To a solution of Sr(BH3NMe2BH3)2(thf)3 (300 mg, 0.915 
mmol) in tetrahydrofuran (50 mL) was added bis(2-methoxyethyl) ether (0.15 mL, 1.05 mmol), 
and the solution was stirred for 12 h.  The solvent was removed under vacuum and the residue 
was extracted with hot heptane (50 mL).  The heptane extract was filtered and cooled to –20 °C 
for 24 h to afford small colorless needles. Yield:  184 mg (75%).  Mp. 142-143 °C.  Anal. Calc 
for C10H38N2B4O3Sr:  C, 32.9; H, 10.5; N, 7.7; B, 11.8; Sr, 24.0.  Found: C, 33.3; H, 10.9; N, 7.8; 
B, 11.1; Sr, 24.3.  1H NMR (C6D6, 20 °C):  δ 2.58 (s, NCH3), 1.93 (m, OCH2), 2.78 (m, OCH2), 
3.23 (s, OCH3). δ 2.23 (q, JBH = 91 Hz, BH3).  
11B NMR (C6D6, 20 °C):  δ -7.94 (q, JBH = 91.6 
Hz).  IR (cm-1):  2405 s, 2333 sh, 2306 vs, 2273 vs, 2230 vs, 2074 w, 1287 w, 1251 s, 1229 s, 
1209 s, 1179 vs, 1150 vs, 1098 s, 1061 s, 1016 s, 944 w, 928 m, 904 w, 872 s, 837 w, 802 w.  X-
ray quality crystals were grown by sublimation at 120 °C and 1 Torr.   
 Bis(,-dimethylaminodiboranato)(,,′,′-tetramethylethylenediamine)-
strontium,  Sr(BH3Me2BH3)2(tmeda), 6.  To Sr(BH3NMe2BH3)2(thf)3 (300 mg, 0.915 mmol) 
in tetrahydrofuran (50 mL) was added ,,′,′-tetramethylethylenediamine (0.15 mL, 0.98 
mmol), and the solution was stirred for 12 h.  The solvent was removed under vacuum and the 
residue was extracted with hot heptane (50 mL).  The heptane extract was filtered and cooled to 
–20 °C for 24 h to afford small colorless prisms. Yield: 203 mg (87%).  Mp. 175-177 °C.  Anal. 
Calc for C10H40N4B4Sr:  C, 34.4; H, 12.1; N, 16.0; B, 12.4; Sr, 25.1.  Found: C, 34.4; H, 11.9; N, 
15.9; B, 12.3; Sr, 27.0.  1H NMR (C6D6, 20 °C):  δ 1.68 (s, NCH2), 1.85 (s, NMe2), 2.50 (s, 
NMe2).  δ 2.20 (q, JBH = 96 Hz, BH3).  
11B NMR (C6D6, 20 °C):  δ -7.68 (q, JBH = 90 Hz).  IR 
(cm-1):  2406 sh, 2325 sh, 2303 s, 2251 s, 2225 sh, 2086 sh, 1300 w, 1289 m, 1247 m, 1229 s, 
1209 m, 1180 vs, 1145 vs, 1076 w, 1029 s, 1017 s, 974 w, 950 m, 925 m, 808 w, 788 m, 774 w. 
 (,-Dimethylaminodiboranato)bis(1,4,7,10-tetraoxacyclododecane)strontium,  
,-Dimethylaminodiboranate, [Sr(BH3Me2BH3)(12-crown-4)2][BH3Me2BH3], 7.  To a 
solution of Sr(BH3NMe2BH3)2(thf)3 (300 mg, 0.915 mmol) in tetrahydrofuran (50 mL) was 
added 1,4,7,10-tetraoxacyclododecane (0.22 mL, 1.36 mmol) and the solution was stirred for 12 
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h.  The resulting cloudy solution was heated to 65 ºC and filtered while hot.  The filtrate was 
cooled to –20 °C to afford a crop of small colorless prisms.  The residue from the hot filtration 
was extracted with hot thf (20 mL); filtration and cooling of this extract affords an additional 
crop of crystals.  Yield: 119 mg (28%).  Mp. 160-161 °C (dec).  Anal. Calc for C20H56N2B4O8Sr:  
C, 41.2; H, 9.7; N, 4.8; B, 15.0; Sr, 7.4.  Found: C, 40.7; H, 9.7; N, 4.7; B, 14.6; Sr, 7.4.  1H 
NMR (C4D8O, 20 °C):  δ 3.55 (s, OCH2), 2.10 (s, NMe2), 1.40 (q, JBH = 91.7 Hz, BH3).  
11B 
NMR (C4D8O, 20 °C):  δ -8.66 (q, JBH = 91.6 Hz).  IR (cm
-1):  2345 vs, 2299 vs, 2269 vs, 2218 
vs, 2195 vs, 2063 m, 1317 m, 1288 m, 1249 s, 1230 m, 1181 vs, 1156 vs, 1134 vs, 1099 s, 1079 
vs, 1017 vs, 919 vs, 855 s, 815 m, 782 m. 
 Crystallographic Studies.80  Single crystals of 2 and 4 were grown from diethyl ether, 3 
and 7 were grown from thf, 5 was grown by sublimation, and 6 was grown from hot heptane. All 
crystals were mounted on glass fibers with Paratone-N oil (Exxon) and immediately cooled to 
-75 °C in a cold nitrogen gas stream on the diffractometer.  The measured intensities were 
reduced to structure factor amplitudes and their estimated standard deviations (esd’s) by 
correction for background, and Lorentz and polarization effects.   No corrections for crystal 
decay were necessary, but a face-indexed absorption correction was applied.  Systematically 
absent reflections were deleted and symmetry equivalent reflections were averaged to yield the 
set of unique data.  Except where noted, all unique data were used in the least squares 
refinement. 
 The structures were solved using direct methods (SHELXTL) unless otherwise noted.  
Correct positions for all the non-hydrogen atoms were deduced from an E-map and subsequent 
least-squares refinement and difference Fourier calculations.  The analytical approximations to 
the scattering factors were used, and all structure factors were corrected for both real and 
imaginary components of anomalous dispersion.  In the final cycle of least squares, independent 
anisotropic displacement factors were refined for the non-hydrogen atoms.  Chemically 
equivalent B-H distances were restrained to be equal within an e.s.d. of 0.01 Å.   Hydrogen 
atoms attached to carbon were placed in idealized positions with C-H (methyl) = 0.98 Å and C-H 
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(methylene) = 0.99 Å;  the methyl groups were allowed to rotate about the C-X axis to find the 
best least-squares positions.  The displacement parameters for boranyl and methylene hydrogens 
were set equal to 1.2 times Ueq for the attached non-hydrogen atom; those for methyl hydrogens 
were set to 1.5 times Ueq.  No corrections for isotropic extinction were necessary.  Successful 
convergence was indicated by the maximum shift/error of <0.002 for the last cycle.  A final 
analysis of variance between observed and calculated structure factors showed no apparent 
errors.  Final refinement parameters are given in Table 5.1.  Aspects of the refinement unique to 
each structure are reported below. 
 Sr(BH3Me2BH3)2(Et2O)2, 2. The orthorhombic lattice and the systematic absences 0kl 
(k ≠ 2n), h0l (l ≠ 2n), and hk0 (h + k ≠ 2n) were uniquely consistent with space group Pbcn.  A 
face-indexed absorption correction was applied, the minimum and maximum transmission 
factors being 0.170 and 0.656.  The coordinated ether molecule was disordered over two 
positions; the site occupation factors for the two components were constrained to sum to unity; 
the major site occupancy factor refined to 0.580(9).  The C-C and C-O distances within the ether 
molecule were constrained to be 1.52 ± 0.01 Å and 1.48 ± 0.01 Å.  The two-bond distances 
between atoms in the diethyl ether molecule were fixed to 2.45 ± 0.01 Å to ensure bond angles 
close to 109.5º. All atoms were constrained to have displacement parameters similar to those of 
their neighbors.  The quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where 
w = {[σ(Fo
2)]2 + (0.067P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The H-H distances within each BH3 group 
were restrained to approximate tetrahedral geometry.  The largest peak in the final Fourier 
difference map (0.55 eÅ-3) was located 0.98 Å from Sr1.   
 Sr(BH3Me2BH3)2(thf)3, 3. The monoclinic lattice and the systematic absences h0l (l ≠ 
2n) and 0k0 (k ≠ 2n) were uniquely consistent with the space group P21/c. A face-indexed 
absorption correction was applied (SADABS), the minimum and maximum transmission factors 
being 0.446 and 0.641.  Two reflections (020 and 021) were statistical outliers and were deleted 
from the least squares refinement.   Carbon atoms C12, C33, C51, C52, C62, and C63 of four 
different tetrahydrofuran ligands were each disordered over two positions; the site occupation 
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factors for the two components were constrained to the sum to unity.  The major site occupancy 
factors refined to 0.58(3) for C12A, 0.74(2) for C33A, 0.66(2) for C51A and C52A, and 0.62(2) 
for C62A and C63A.  The C-C and C-O distances within the tetrahydrofuran ring were restrained 
to be 1.52 ± 0.01 Å and 1.47 ± 0.01, and atoms C33A, C33B, C51A, C51B, C52A, C52B, C62A, 
C62B, C63A, and C63B were restrained to have displacement parameters similar to those of 
their neighbors.  The quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where 
w = {[σ(Fo
2)]2 + (0.0417P)2 + 3.422P}-1 and P = (Fo
2 + 2Fc
2)/3.  The largest peak in the final 
Fourier difference map (0.45 eÅ-3) was located 1.12 Å from C11.   
 Sr(BH3Me2BH3)2(dme)2, 4. The monoclinic lattice and systematic absences h0l (h+l ≠ 
2n) and 0k0 (k ≠ 2n) were uniquely consistent with the space group P21/n.  A face-indexed 
absorption correction was applied, the minimum and maximum transmission factors being 0.497 
and 0.857.  The quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where w = 
{[σ(Fo
2)]2 + (0.142P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The largest peak in the final Fourier difference 
map.  The largest peak in the final Fourier difference map (0.73 eÅ-3) was located 1.00 Å from 
Sr1. 
 Sr(BH3Me2BH3)2(diglyme), 5.  The orthorhombic lattice and the systematic absences 
hkl (h + k, k + l, or h + l ≠ 2n), 0kl (k + l ≠ 4n), and h0l (h + l ≠ 4n) are uniquely consistent with 
the space group Fdd2, and this choice was confirmed by successful refinement of the proposed 
model. A face-indexed absorption correction was applied, the minimum and maximum 
transmission factors being 0.577 and 0.678.  The quantity minimized by the least-squares 
program was Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2.  The largest peak in the final Fourier 
difference map (0.36 eÅ-3) was located 1.15 Å from Sr1.   
 Sr(BH3Me2BH3)2(tmeda), 6.  The monoclinic lattice and the systematic absences h0l (l 
≠ 2n) and 0k0 (l ≠ 2n) were uniquely consistent with the space group P21/c.  A face-indexed 
absorption correction was applied, the minimum and maximum transmission factors being 0.528 
and 0.757.  Correct positions for all the non-hydrogen atoms were deduced from a Patterson map 
(SHELXTL) and subsequent least-squares refinement and difference Fourier calculations.  The 
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quantity minimized by the least-squares program was Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2 + 
(0.0422P)2}-1 and P = (Fo
2 + 2Fc
2)/3.  The largest peak in the final Fourier difference map (0.74 
eÅ-3) was located 0.96 Å from Sr1.   
 Sr(12-crown-4)2(BH3Me2BH3)2, 7.  The monoclinic lattice and systematic absences 
h0l (h+l ≠ 2n) and 0k0 (k ≠ 2n) were uniquely consistent with the space group P21/n.  A face-
indexed absorption correction was applied, the minimum and maximum transmission factors 
being 0.563 and 0.798.  Correct positions for all the non-hydrogen atoms were deduced from a 
Patterson map (SHELXTL) and subsequent least-squares refinement and difference Fourier 
calculations.  Carbon atoms C16 and C17 were each disordered over two positions; the site 
occupancy factors for the two components were constrained to the sum to unity, and the major 
occupancy factors refined to 0.72(1).  The quantity minimized by the least-squares program was 
Σw(Fo
2 - Fc
2)2, where w = {[σ(Fo
2)]2 + (0.046P)2 }-1 and P = (Fo
2 + 2Fc
2)/3.  The C-O and C-C 
distances involving C16B and C17B were restrained to be 1.47 ± 0.01 and 1.52 ± 0.01 Å, 
respectively.  The largest peak in the final Fourier difference map (0.72 eÅ-3) was located 0.92 Å 
from C17.   
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Tables and Figures  
Table 5.1.  Crystallographic data for Sr(BH3NMe2BH3)2 Lewis base adducts 2-7 at 193 K. 
 2, L = Et2O 3, L = thf 4, L = dme 5, L = diglyme 6, L = tmeda 7, L = 12-crown-4 
formula C12H44B4N2O2Sr C16H48B4N2O3Sr C12H44B4N2O4Sr C10H26B4N2O3Sr C10H40B4N4Sr C20H56B4N2O8Sr 
FW (g mol-1) 379.35 447.42 411.35 353.19 347.32 583.53 
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
crystal system Orthorhombic Monoclinic Monoclinic Orthorhombic Monoclinic Monoclinic 
space group Pbcn P21/c P21/c Fdd2 P21/c P21/n 
a (Å) 10.16 18.01 10.43 30.03 13.60 14.40 
b (Å) 12.64 21.39 14.39 35.45 18.12 13.43 
c (Å) 18.69 14.71 16.64 16.13 8.46 15.90 
β(deg) 90 109.69 103.55 90 98.42 91.32 
V (Å3) 2401.9(4) 5336.9(9) 2427.2(2) 17170(2) 2061.78(17) 3074.4(2) 
Z 4 8 4 32 4 4 
ρcalc (g cm
-3) 1.049 1.114 1.126 1.093 1.119 1.261 
µ (mm-1) 2.248 2.035 2.235 2.515 2.608 1.794 
R(int) 0.1596 0.0959 0.1343 0.1426 0.1299 0.1279 
abs. corr. method Integration Integration Integration Integration Integration Integration 
max., min. transm. factors 0.656/0.170 0.641/0.446 0.857/0.497 0.678/0.577 0.757/0.528 0.798/0.563 
data/restraints/param. 2228/171/166 9838/234/628 4965/45/264 9487/149/469 4559/55/228 6812/3/343 
GOF on F2 0.940 1.002 0.922 0.761 0.932 1.014 
R1 [I > 2σ(I)]
a 0.0411 0.0419 0.0315 0.0317 0.0379 0.0356 
wR2 (all data)
b 0.1192 0.1021 0.0686 0.0505 0.0881 0.0893 
max, min ∆ρelectron (e·Å
-3) 0.552/-0.487 0.447/-0.388 0.729/-0.389 0.363/-0.250 0.739/-0.948 0.687/-0.341 
a
R1 = ∑  ||Fo| - |Fc|| / | ∑|Fo| for reflections with Fo
2 > 2 σ(Fo
2). bwR2 = [∑w(Fo
2 - Fc
2)2 / ∑(Fo
2)2]1/2 for all reflections.  
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Table 5.2.  Selected Bond Distances and Angles for Sr(BH3NMe2BH3)2(Et2O)2, 2.
a 
 
Bond Distance ( Å ) 
Sr(1)-O(1A) 2.47(1) Sr(1)-B(2) 2.945(5) 
Sr(1)-B(1) 2.970(5) Sr(1)-H(avg) 2.50 
Bond Angle ( º ) 
O(1A)-Sr(1)-O(1A)´ 85.1(6) B(1)-Sr(1)-B(1)´ 115.4(3) 
O(1A)-Sr(1)-B(1) 90.9(4) B(1)-Sr(1)-B(2) 52.1(1) 
O(1A)-Sr(1)-B(1)´ 140.5(3) B(1)-Sr(1)-B(2)´ 113.0(2) 
O(1A)-Sr(1)-B(2) 106.4(3) B(2)-Sr(1)-B(2)´ 155.8(2) 
O(1A)-Sr(1)-B(2)´ 91.5(3) B(1)-N(1)-B(2) 110.4(3) 
a Symmetry transformations used to generate equivalent atoms:  ´ = -x+1, y, -z+1/2.      
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Table 5.3.  Selected Bond Distances and Angles for Sr(BH3NMe2BH3)2(thf)3, 3. 
 
Bond Distance ( Å ) 
Sr(1)-O(1) 2.608(2) Sr(1)-B(2) 3.020(5) 
Sr(1)-O(2) 2.564(2) Sr(1)-B(3) 2.991(4) 
Sr(1)-O(3) 2.593(2) Sr(1)-B(4) 3.028(4) 
Sr(1)-B(1) 3.008(5) Sr(1)-H (avg) 2.60 
Bond Angle ( º ) 
O(1)-Sr(1)-O(2) 80.14(8) O(3)-Sr(1)-B(1) 94.3(1) 
O(1)-Sr(1)-O(3) 159.79(8) O(3)-Sr(1)-B(2) 91.7(1) 
O(1)-Sr(1)-B(1) 98.7(1) O(3)-Sr(1)-B(3) 100.1(1) 
O(1)-Sr(1)-B(2) 84.3(1) O(3)-Sr(1)-B(4) 93.4(1) 
O(1)-Sr(1)-B(3) 95.7(1) B(1)-Sr(1)-B(2) 51.8(1) 
O(1)-Sr(1)-B(4) 86.7(1) B(1)-Sr(1)-B(3) 88.1(1) 
O(2)-Sr(1)-O(3) 79.76(9) B(2)-Sr(1)-B(3) 139.0(1) 
O(2)-Sr(1)-B(1) 136.3(1) B(2)-Sr(1)-B(4) 166.8(1) 
O(2)-Sr(1)-B(2) 84.9(1) B(3)-Sr(1)-B(4) 51.6(1) 
O(2)-Sr(1)-B(3) 135.6(1) B(1)-N(1)-B(2) 112.5(3) 
O(2)-Sr(1)-B(4) 84.0(1) B(3)-N(2)-B(4) 111.8(3) 
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Table 5.4.  Selected Bond Distances and Angles for Sr(BH3NMe2BH3)2(dme)2, 4. 
 
Bond Distance ( Å ) 
Sr(1)-O(1) 2.574(2) Sr(1)-B(1) 3.131(3) 
Sr(1)-O(2) 2.659(2) Sr(1)-B(2) 3.078(3) 
Sr(1)-O(3) 2.688(2) Sr(1)-B(3) 3.053(3) 
Sr(1)-O(4) 2.606(2) Sr(1)-B(4) 3.124(3) 
Sr-H (avg) 2.65   
Bond Angle ( º ) 
O(1)-Sr(1)-O(2) 63.48(6) O(3)-Sr(1)-B(2) 146.69(7) 
O(1)-Sr(1)-O(3) 71.69(5) O(3)-Sr(1)-B(3) 93.47(9) 
O(1)-Sr(1)-O(4) 125.06(5) O(3)-Sr(1)-B(4) 82.22(7) 
O(1)-Sr(1)-B(1) 83.74(7) O(4)-Sr(1)-B(1) 125.50(7) 
O(1)-Sr(1)-B(2) 131.71(7) O(4)-Sr(1)-B(2) 83.04(7) 
O(1)-Sr(1)-B(3) 83.98(8) O(4)-Sr(1)-B(3) 127.64(7) 
O(1)-Sr(1)-B(4) 125.11(7) O(4)-Sr(1)-B(4) 79.56(6) 
O(2)-Sr(1)-O(3) 74.49(5) B(1)-Sr(1)-B(2) 49.71(8) 
O(2)-Sr(1)-O(4) 74.58(5) B(1)-Sr(1)-B(3) 97.2(1) 
O(2)-Sr(1)-B(1) 82.77(9) B(1)-Sr(1)-B(4) 123.98(9) 
O(2)-Sr(1)-B(2) 94.42(8) B(2)-Sr(1)-B(3) 110.5(1) 
O(2)-Sr(1)-B(3) 147.34(8) B(2)-Sr(1)-B(4) 95.61(8) 
O(2)-Sr(1)-B(4) 150.85(7) B(3)-Sr(1)-B(4) 49.72(8) 
O(3)-Sr(1)-O(4) 63.82(5) B(1)-N(1)-B(2) 110.6(2) 
O(3)-Sr(1)-B(1) 152.01(7) B(3)-N(2)-B(4) 110.1(2) 
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Table 5.5.  Selected Bond Distances and Angles for Sr(BH3NMe2BH3)2(diglyme), 5. 
 
Bond Distance ( Å ) 
Sr(1)-O(2) 2.576(2) Sr(1)-B(2) 2.998(5) 
Sr(1)-O(1) 2.611(2) Sr(1)-B(4) 3.020(4) 
Sr(1)-O(3) 2.619(2) Sr(1)-B(3) 3.032(4) 
Sr(1)-B(1) 2.986(5) Sr(1)-H (avg) 2.57 
Bond Angle ( º ) 
O(1)-Sr(1)-O(2) 63.58(7) O(3)-Sr(1)-B(2) 124.4(1) 
O(1)-Sr(1)-O(3) 124.98(7) O(3)-Sr(1)-B(3) 125.62(9) 
O(1)-Sr(1)-B(1) 100.1(1) O(3)-Sr(1)-B(4) 77.02(9) 
O(1)-Sr(1)-B(2) 89.2(1) B(1)-Sr(1)-B(2) 51.7(1) 
O(1)-Sr(1)-B(3) 85.68(9) B(1)-Sr(1)-B(3) 146.5(1) 
O(1)-Sr(1)-B(4) 129.58(9) B(1)-Sr(1)-B(4) 130.1(1) 
O(2)-Sr(1)-O(3) 63.29(6) B(2)-Sr(1)-B(3) 95.8(1) 
O(2)-Sr(1)-B(1) 101.7(1) B(2)-Sr(1)-B(4) 116.3(1) 
O(2)-Sr(1)-B(2) 139.6(1) B(3)-Sr(1)-B(4) 51.1(1) 
O(2)-Sr(1)-B(3) 110.19(9) B(1)-N(1)-B(2) 111.6(3) 
O(2)-Sr(1)-B(4) 104.1(1) B(3)-N(2)-B(4) 111.4(3) 
O(3)-Sr(1)-B(1) 77.7(1)   
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Table 5.6.  Selected Bond Distances and Angles for Sr(BH3NMe2BH3)2(tmeda), 6. 
 
Bond Distance ( Å ) 
Sr(1)-N(3) 2.693(2) Sr(1)-B(3) 3.014(3) 
Sr(1)-N(4) 2.835(2) Sr(1)-B(4) 3.018(3) 
Sr(1)-B(1) 3.018(3) Sr(1)-H(avg) 2.57 
Sr(1)-B(2) 2.952(4) Sr(1)-H(33A) 2.67(2) 
Bond Angle ( º ) 
N(3)-Sr(1)-N(4) 67.48(7) B(1)-Sr(1)-B(2) 52.4(1) 
N(3)-Sr(1)-B(1) 89.96(9) B(1)-Sr(1)-B(3) 138.9(1) 
N(3)-Sr(1)-B(2) 139.92(9) B(1)-Sr(1)-B(4) 155.8(1) 
N(3)-Sr(1)-B(3) 111.65(9) B(2)-Sr(1)-B(3) 106.8(1) 
N(3)-Sr(1)-B(4) 106.75(9) B(2)-Sr(1)-B(4) 106.1(1) 
N(4)-Sr(1)-B(1) 92.68(8) B(3)-Sr(1)-B(4) 50.61(9) 
N(4)-Sr(1)-B(2) 97.7(1) B(1)-N(1)-B(2) 112.2(2) 
N(4)-Sr(1)-B(3) 127.40(8) B(3)-N(2)-B(4) 109.3(2) 
N(4)-Sr(1)-B(4) 78.32(8) B(3A)-H(33A)-Sr(1) 132.8 
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Table 5.7.  Selected Bond Distances and Angles for [Sr(BH3NMe2BH3)(12-crown-4)2]-
[BH3NMe2BH3], 7. 
 
Bond Distance ( Å ) 
Sr(1)-O(1) 2.637(2) N(1)-B(1) 1.571(4) 
Sr(1)-O(2) 2.567(2) N(1)-B(2) 1.569(4) 
Sr(1)-O(3) 2.598(2) N(1)-C(1) 1.474(3) 
Sr(1)-O(4) 2.634(2) N(1)-C(2) 1.487(4) 
Sr(1)-O(5) 2.666(2) N(2)-B(3) 1.603(3) 
Sr(1)-O(6) 2.589(2) N(2)-B(4) 1.586(4) 
Sr(1)-O(7) 2.668(2) N(2)-C(3) 1.469(3) 
Sr(1)-O(8) 2.608(2) N(2)-C(4) 1.479(3) 
Sr(1)-H(11) 2.69   
Bond Angle ( º ) 
O(1)-Sr(1)-O(2) 64.19(6) O(5)-Sr(1)-O(6) 63.98(5) 
O(1)-Sr(1)-O(4) 62.92(6) O(5)-Sr(1)-O(8) 62.73(5) 
O(2)-Sr(1)-O(3) 62.43(5) O(6)-Sr(1)-O(7) 63.35(5) 
O(3)-Sr(1)-O(4) 61.49(6) O(7)-Sr(1)-O(8) 62.62(5) 
B(1)-N(1)-B(2) 114.5(2) B(3)-N(2)-B(4) 113.7(2) 
Sr(1)-H(11)-B(1) 145.3   
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Figure 5.1.  Molecular structure of Sr(BH3NMe2BH3)2(Et2O)2, 2.  Ellipsoids are drawn at the 
30% probability level, except for the hydrogen atoms, which are represented as arbitrarily sized 
spheres.  Hydrogens attached to carbon have been omitted for clarity. 
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Figure 5.2.  Molecular structure of Sr(BH3NMe2BH3)2(thf)3, 3.  Ellipsoids are drawn at the 30% 
probability level, except for the hydrogen atoms, which are represented as arbitrarily sized 
spheres.  Hydrogens attached to carbon have been omitted for clarity. 
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Figure 5.3.  Molecular structure of Sr(BH3NMe2BH3)2(dme)2, 4.  Ellipsoids are drawn at the 
30% probability level, except for the hydrogen atoms, which are represented as arbitrarily sized 
spheres.  Hydrogens attached to carbon have been omitted for clarity. 
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Figure 5.4.  Molecular structure of Sr(BH3NMe2BH3)2(diglyme), 5.  Ellipsoids are drawn at the 
30% probability level, except for the hydrogen atoms, which are represented as arbitrarily sized 
spheres.  Hydrogens attached to carbon have been omitted for clarity. 
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Figure 5.5.  Molecular structure of [Sr(BH3NMe2BH3)2(tmeda)]2, 6.  Ellipsoids are drawn at the 
30% probability level, except for the hydrogen atoms, which are represented as arbitrarily sized 
spheres.  Hydrogens attached to carbon have been omitted for clarity. 
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Figure 5.6.  Molecular structure of [Sr(BH3NMe2BH3)(12-crown-4)2][BH3NMe2BH3], 7.  
Ellipsoids are drawn at the 30% probability level, except for the hydrogen atoms, which are 
represented as arbitrarily sized spheres.  Hydrogens attached to carbon, B(3), and B(4) have been 
omitted for clarity. 
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